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ABSTRACT 
Biomass is considered as one potential feedstock for biofuel production. However, the high 
cost of biomass-to-biofuel supply chain, attributed to biomass’s low bulk density and 
resulting harvest, storage, and transportation challenges, has been a major hindrance to the 
success of biomass-based biofuel industry. In addition, the issue of dry matter losses during 
storage for a feedstock has affected biomass quantity and quality if the feedstock is stored for 
several months after a single harvest in a year. One potential way to improve the economics of 
biomass supply chain is to reduce storage need and enhance the utilization of harvest 
equipment by adopting multiple feedstocks that have different harvest seasons and can be 
collected with the identical equipment. However, the multiple-feedstock system can be quite 
complex, especially when several types of biomass, each with a different set of physical and 
chemical characteristics, are involved. Thus, the objectives of this study are to 1) determine 
the cost of feedstock establishment, maintenance, harvest, transportation, and preprocessing, 
as well as the opportunity cost of the land use for feedstock in the single- and multiple-
feedstock supply chain systems; and 2) evaluate how certain input variables (e.g., biomass 
yield, interest rate, diesel fuel price) impact the supply chain cost and the changes in relative 
cost between the two systems. The results suggest the multiple-feedstock supply chain cost is 
$7.34 per dry Mg ($0.024 per liter) lower than the single-feedstock supply chain cost. Diesel 
fuel price, discount rate, and the throughput of harvest machine are the three input factors that 
would greatly affect the supply chain cost for both systems.  
Keyword: Biomass, biofuel, single-feedstock supply chain, multiple-feedstock supply chain 
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CHAPTER I: INTRODUCTION 
1.1   Problem Identification and Explanation 
In the United States, biofuel has been a vital instrument in achieving the nation’s goals 
for producing clean and independent energy. The Energy Independence and Security Act of 2007 
set a goal to produce 79.38 billion liters of renewable fuel in 2022 (U.S. Congress 2007). The 
development of the biofuel industry may depend on rapid expansion in second-generation 
biofuels produced from biomass, such as dedicated energy crops (switchgrass, hybrid poplar, and 
biomass sorghum, etc.) (Eisentraut 2010). In general, the success of the biofuel industry depends 
on the cost of plant-gate supply chain system of biofuel production (Hess et al. 2009). If the plant 
gate supply chain cost is efficient, then the rapid expansion of second-generation biofuels 
production could be successful (Hess et al. 2009).  
The supply chain for biomass-to-biofuel production includes a sequence of activities 
starting in the field used to grow the biomass crop and ending at the biorefinery plant gate (Hess 
et al. 2009). Upstream supply chain activities include the production, harvest, storage, 
transportation, and preprocessing of biomass (Sokhansanj, Kumar, and Turhollow 2006). Each 
supply chain activity incurs cost. Intuitively, total supply chain cost increases as any one of the 
upstream processes’ cost increases. Ekşioğlu et al. (2009) concluded that 18 to 36% of total 
biofuel production cost result from the upstream supply chain activities to produce and deliver 
biomass to the biorefinery. Therefore, the cost efficiency of biofuel production is directly 
dependent on the cost efficiency of supply chain activities before the plant gate.  
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Many researchers have evaluated the efficiency performance within each activity (e.g., 
harvesting, storage, and transportation) of the supply chain system to plant-gate, where these 
studies discussed cost comparison between different operational methods in regards to each 
activity. Kumar and Sokhansanj (2007) compared the harvest cost of round and rectangular 
baling method. They found that the large round baling ($22.62 per dry Mg) method resulted in a 
lower cost than the rectangular baling method ($24.10 per dry Mg). In addition, Chugh et al. 
(2016) compared different harvest methods, of which the switchgrass is harvested with the 
technology of square baler, round baler, and chopper. The chopped switchgrass was either 
preprocessed (stretch-wrap bales or pellets) before storage or stored without preprocessing using 
a stacker-reclaimer at Genera Energy. This study concluded utilizing chopping method with the 
stretch-wrap bale technology for preprocessing is more cost effective than other harvest methods. 
For storage activity, Ebadian et al. (2013) compared the economics of three storage systems: 
roadside storage (Cundiff, Dias, and Sheralin 1997), satellite storage (Ebadian et al. 2013) with 
limited hauling distance from field to storage location, and satellite storage with unlimited 
hauling distance. They concluded that the satellite storage method with unlimited hauling 
distance was the most cost efficient method. As for transportation activity, Yu et al. (2014) 
utilized semi-truck trailer for switchgrass transportation from the field to the facility, with 
maximum travel distance of 121 kilometers with maximum travel distance of 121 kilometers, 
and found transportation activity accounted for 23.04 percent and 16.63 percent of the total cost 
and greenhouse gas emissions of the feedstock supply chain. Sokhansanj et al. (2009) compared 
the cost of transporting biomass by truck, train, barge, and pipeline. They found that truck 
transportation was the least expensive method for transporting biomass over a short shipping 
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distance. These studies recommended particular methods that would result in the lowest cost for 
each stage of the supply chain system.  
The aforementioned studies, however, only evaluated a single-feedstock supply chain 
system. Recently, there is growing attention on the multiple-feedstock supply chain system. This 
multiple-feedstock system could result in lower cost compare to the single feedstock system 
(Tembo, Epplin, and Huhnke 2003; Rentizelas, Tolis, and Tatsiopoulos 2009; Zhu and Yao 
2011).   
Several studies have explored costs of multiple-feedstock supply chain system for biofuel 
production or compared them to single-feedstock system. Some researchers suggested that a 
multiple-feedstock supply chain system may provide a good way of spreading capital costs, 
reducing warehousing requirement, and solving the seasonality problem of single feedstock 
system (Tembo, Epplin, and Huhnke 2003; Rentizelas, Tolis and Tatsiopoulos 2009; Zhu and 
Yao 2011). Zhu and Yao (2011) compared the advantages and disadvantages of single- and 
multiple-feedstock supply chain systems. They concluded that the multiple-feedstock (i.e., 
switchgrass, corn stalk, and wheat straw) supply chain system showed cost advantage than the 
single-feedstock (switchgrass) supply chain system for biomass-to-biofuel production if the 
multiple types of biomass feedstocks (corn stalk and wheat straw) can be supplied anytime if 
available.  
1.2   Need for Study 
The Southeastern United States is considered to have a comparative advantage for 
biomass production. The region could provide up to 41% of the feedstock for a biomass-based 
industry in the United States (English et al. 2006). Additionally, the Southeastern region could be 
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a potential location for producing multiple types of biomass feedstocks. Given its relative 
advantages, like the large amount of marginal agricultural land, abundant sunshine, and rainfall 
resulting from its geographical condition, Tennessee could be a suitable state for dedicated 
energy crop-based biomass production (Tiller 2011). 
Single-feedstock supply chain systems have been dominant in Tennessee, particularly for 
switchgrass (Genera Energy 2011; Hauser 2015). Although switchgrass is identified as an ideal 
initial energy crop to support a large-scale biofuels industry (Genera Energy 2011), several 
issues have been raised regarding the biofuel production process (Larson et al. 2010; Zhu and 
Yao 2011). The first issue is the limited time period for harvesting feedstock. Switchgrass is 
recommended to harvested only once a year. Literature indicates harvesting switchgrass once a 
year after senescence minimizes nutrients removed with the switchgrass. A twice a-year-harvest 
may need to have more nutrients replaced than higher fertilizer costs (Extension 2014). Because 
of higher precipitation and lower temperature during harvest season (November to February), the 
time available to harvest feedstock is limited which can increase the machinery usage and labor 
hours, consequently boosting harvest costs (Hwang and Epplin 2007; Larson et al. 2010).  
The second issue is related to the storage of the switchgrass-based-biofuel system. To 
meet the daily and yearly demand of feedstock at the biorefinery, two-thirds of switchgrass has 
to be stored (Larson et al. 2010). Under the case of storage without coverage, switchgrass’ dry 
matter losses and the switchgrass weight may increase due to precipitation, which may increase 
transportation costs because of the weight increases due to higher moisture content in biomass. 
In another case, if switchgrass is stored with the protection of tarp, a large number of dry 
biomass bales may be a fire hazard and present a health and life threat for farmers (Larson 2008). 
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In addition, using tarps or other protective measures during storage adds storage cost. These on-
farm issues from single-feedstock system increase the harvest, storage, or transportation cost as 
well as the on-farm risks. Therefore, it is important to study the implementation of multiple-
feedstock supply chain system of biomass-to-biofuel production in Tennessee. 
As concluded by Zhu and Yao (2011), a multiple-feedstock supply chain system could 
decrease the supply chain cost for biofuel production in Tennessee, and provide solutions for the 
harvesting cost and storage problem. However, this logistic system can become quite complex, 
especially when a variety of biomass streams are involved (Faaij et al. 1997; Rentizelas, Tolis, 
and Tatsiopoulos 2009). The complexity may come from the variation in availability of each 
biomass, equipment for handling and processing several biomass sources, storing biomass of 
different moisture content, and organizing multiple-feedstock stream in the whole system 
(Rentizelas, Tolis, and Tatsiopoulos 2009). Given the potential cost advantages and complexities 
of the multiple-feedstock logistic system, it is necessary to investigate further about multiple-
feedstock supply chain system. Therefore, this study evaluates the production cost of the 
multiple-feedstock supply chain to the biorefinery plant gate and compares it to the single-
feedstock plant-gate supply chain system. 
Considering there are only few studies discussing multiple-feedstock biomass-to-biofuel 
production, findings in this work may provide information about the effect of multiple-feedstock 
to logistic cost reduction. This information may support all economic agents within the industry 
in making production decisions, such as farmers and bioenergy companies. Furthermore, this 
information also may support the policy makers in estimating the efficient level of subsidy for 
the biomass industry.   
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1.3   Objectives 
The objectives of this research are to 1) determine the cost of feedstock establishment, 
maintenance, harvest, transportation, and preprocessing, as well as the opportunity cost of the 
land use for feedstock in the single- and multiple-feedstock supply chain systems, and 2) 
evaluate how certain input variables (e.g., biomass yield, interest rate, diesel fuel price) impact 
the supply chain cost and the changes in relative cost between the two systems.  
1.4   Methods for the Study 
Enterprise budgeting and sensitivity analysis are used to analyze the supply chain cost of 
the single- and multiple-feedstock supply chain system of acquiring biomass feedstock for a 189 
million liters per year diesel production capacity. The enterprise budgeting method estimates the 
biomass-based-biofuel plant-gate supply chain cost in the stand life of the biomass. Sensitivity 
analysis is applied to evaluate how the input variables in the budgeting model would affect the 
supply chain cost of the single -and the multiple-feedstock supply chain system. 
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CHAPTER II: LITERATURE REVIEW 
2.1   Supply Chain for Biomass Energy Feedstock 
Biomass is one of the renewable energy sources for producing renewable fuels. The 
renewable fuels are regarded as a potential solution for decreasing fossil fuel reserves, increasing 
oil prices, and providing a clean, renewable, and independent energy source (Schmer et al. 2008, 
Sharma et al. 2013). Researchers have evaluated the potential contribution of biomass to the 
future energy supply (Berndes, Hoogwijk, and Broek 2003; Farrell et al. 2006; English et al. 
2006; English et al. 2008; Demirbas, Balat, and Balat. 2009; Walsh et al. 2000; He et al. 2014). 
These studies conclude that biomass use will grow significantly in the coming years. However, 
there is still limitation in the commercial usage of biomass-based energy production, with the 
high cost of biomass-to-biofuel plant-gate supply chain system being one of the greatest barriers 
(Sims et al. 2008). 
Supply chain, as defined by Mentzer et al. (2011) is “a set of three or more entities 
(organizations or individuals) directly involved in the upstream and downstream flows of 
products, services, finances, and/or information from a source to a customer.” Most biofuel 
supply chain studies have focused on upstream processes, which refer to supply chain echelons 
that deal with biomass from feedstock production to conversion plants (An et al. 2011). Jenkins 
et al. (1893) included collection cost, storage cost, preprocessing cost, and transportation cost 
from the field to the energy facility in the biomass-to-biofuel supply chain system. During 1989-
1991, the International Energy Agency (IEA) conducted a project of developing energy from 
conventional forestry biomass. The wood-fuel supply chain project included five stages -- 
production, collection, harvesting, preparation, and storage (Mitchell 1992). Other stages might 
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also be incorporated into the supply chain including, ground preparation and planting, cultivation, 
handling, in-field/forest transport, and road transport (Allen et al. 1998).  
High supply chain costs are one of the fundamental barriers in utilizing biomass in the 
production of biofuels at a commercial scale (Sims et al. 2008). According to Hess et al. (2009), 
the plant-gate cost of feedstock supply system cannot be more than 25% of the total cost of 
biofuel production in order for the biofuel industry become profitable. However, recent research 
shows the plant-gate cost of biomass-based-biofuel supply chain accounted for 18%-36% of the 
total biofuel production cost (Ekşioğlu et al. 2009). Therefore, research assessing alternative 
designs of feedstock supply chain systems is important to the economics of the biofuel industry 
(Thorsell et al. 2004; Kumar and Sokhansanj 2007; Perlack et al. 2011; Larson et al. 2015).   
2.2   Single-Feedstock Supply Chain Cost 
Much of the existing biomass-based-biofuel supply chain literature assumed that only a 
single feedstock was used in the supply chain. With different approaches, these studies discussed 
how different management methods for each stage in supply chain determine the cost of each 
activity (Kumar and Sokhansanj 2007; Wright and Turhollow 2010; Yu et al. 2014; Larson et al. 
2015). Predominantly, these studies examined different management methods for harvest, 
storage, and transportation stages.   
Harvest method (or harvest management) is an important activity in the biomass-based-
biofuel supply chain because it often has a large influence on total logistic cost (Downing and 
Graham 1996; Epplin 1996; Duffy and Nanhou 2001; Mooney and English 2009; Huisman and 
Kortleve 1994; Huisman Venturi, and Molenaar 1997; Khanna, Dhungana, and Brown 2008; 
Larson et al. 2010). This is because harvest method may affect other post-harvest costs (e.g., 
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storage, transportation, and preprocessing cost) in the supply chain (Mooney and English 2009; 
Larson et al. 2010). There are various harvest methods including conventional hay baling (e.g., 
rectangular and round bales), chopping (harvesting biomass with forage harvester), and loafing 
(harvesting biomass with loafer or stacker) harvest method (Cundiff and Marsh 1996; Kumar and 
Sokhansanj 2007; Sokhansanj et al. 2009). 
Advantages and disadvantages of conventional hay baling methods for biomass feedstock 
have been evaluated. Rectangular bale system exhibits cost advantages in handling and 
transportation because of the benefits of higher bulk density, larger throughput capacity, and 
higher efficiency of transportation compared to round bales (Larson et al. 2010; Kemmerer and 
Liu 2012). However, the requirement for protective covers for rectangular bales to prevent losses 
of dry matter due to weathering may increase storage costs relative to large round bales (Cundiff 
and Grisso 2008). Large round bales possess the ability to sheds water, which allows ambient 
storage without protective covers, so as to decrease the storage cost (Cundiff and Grisso 2008). 
However, there is less advantage when transporting round bales (Kemmerer and Liu 2012). 
Several researchers compare the harvest cost between these two types of conventional methods, 
rectangular and round baling. Cundiff and Marsh (1996) developed a simulation model that 
compared the switchgrass harvest costs of large round baling system and large rectangular baling 
system incorporating the costs of mowing and conditioning, raking, baling, and moving biomass 
to an on-farm storage location in southeastern. The result showed harvest cost for the round 
baling system was $17 per dry Mg, $15.9 per dry Mg, and $19.15 per dry Mg with the simulated 
yield of 4.5, 9, and 18 dry Mg per ha. As for the rectangular baling system, the harvest cost was 
$13.40 per dry Mg, $12.25 per dry Mg, and $11.95 per dry Mg, respectively. Using a breadth 
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level mixed integer linear programming model and switchgrass production data in southern 
Illinois, Shastri et al. (2011) recommended rectangular baling system for larger farms (0.728-
2.023 km 2 ) and round baling system to smaller farms (2.023-19.7 km 2 ). 
Several studies compared conventional, chopping and loafing harvest cost (Kumar and 
Sokhansanj 2007; Sokhansanj et al. 2009; Larson et al. 2010). Larson et al. (2010) compared the 
harvest cost of rectangular baling, round baling, and chopping method using budgeting analysis. 
Results from their study showed that the harvest cost was highest for round baling method 
($43.43 per dry Mg), followed by rectangular baling ($35.18 per dry Mg), and chopping ($38.02 
per dry Mg) method. Kumar and Sokhansanj (2007) employed the Integrated Biomass Supply 
Analysis and Logistic (IBSAL) model to compare the harvest cost of round baling, rectangular 
baling, loafing, dry chopping, and wet chopping system in Mid-West of the U.S. The harvest cost 
included the cost of harvesting as well as the cost of moving biomass for stacking. The result 
indicated loafing and dry chopping harvest systems provided cost advantages compared to round 
and rectangular baling systems. The harvest cost was $22.62-$24.10 per dry Mg for delivered 
bales (round and rectangular), $13.67 per dry Mg for delivered loafs, and $14.81-$22.63 per dry 
Mg for chopped biomass. In the single-feedstock system, the seasonality of biomass may have 
the potential to increase the biomass harvest cost (Rentizelas, Tolis, and Tatsiopoulos 2009; 
Tembo, Epplin, and Huhnke 2003). Because of the seasonality of biomass, it is only available for 
a limited period subject to the harvest season, weather conditions, and location. This limited time 
for handling and harvesting biomass may lead to increased demand for equipment and workforce 
and therefore a higher harvest cost (Rentizelas, Tolis, and Tatsiopoulos 2009; Tembo, Epplin, 
and Huhnke 2003). 
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Storage of biomass is often unavoidable in the single-feedstock supply chain system since 
harvest is seasonal while the demand of the commercial biorefinery will likely be all the year 
round (Sims et al. 2008). Storing biomass requires added materials, equipment, labor, buildings 
and structures, and land to accomplish storage activities, therefore, the storage cost occurs. 
Different storage methods and solutions have been studied by previous research (e.g., on-farm 
and outdoor storage with/without a protective cover, indoors storage in a permanent structure at 
an intermediate location between the farm and biorefinery, or store biomass in facility next to 
biorefinery). Many researchers assume on-farm outdoor storage method (Huisman, Venturi, and 
Molenaar 1997; Mooney et al. 2012; Yu et al. 2016). On-farm outdoor storage is a low-cost 
option for storing harvested biomass, but on-farm outdoor storage increases dry matter losses and 
moisture content of biomass due to weathering, which could reduce biomass quality and thus 
may cause processing problems for the biorefinery (Darr and Shah 2012). Furthermore, health 
and safety issues may occur, through spores, fungus, bacteria formation, and spontaneous 
combustion due to the impact of moisture and temperature (Nilsson 1999). In on-farm storage, 
both ambient and covered methods have been examined and compared. Cundiff, Dias, and 
Sherali (1997) compared the storage cost under ambient storage method (storing biomass 
outdoors on the crushed rock with a 7-years useful life with a single layer of uncovered bales) 
and covered storage method (storing biomass under a pole-frame structure with a metal roof with 
a 15-years useful life). The result indicated the ambient storage cost was $3.40 per dry Mg while 
the covered storage cost was $16.6 per dry Mg with the consideration of dry matter losses in both 
of the two methods.  
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Several authors have considered the use of intermediate storage locations between the 
fields and the biorefineries (Allen et al. 1998; Yu et al. 2015; Chugh et al. 2016). For a supply 
chain using intermediate storage, biomass has to be transported twice by road transport vehicles. 
First, the biomass is transported from the farm to the intermediate storage facility, and then the 
biomass is transported from the storage facility to the biorefinery. Researchers have found that 
intermediate storage has the potential to raise transportation costs relative to on-farm storage 
(Allen et al. 1998). Additionally, Allen et al. (1998) suggested that using intermediate storage 
might increase total supply chain cost by 10 to 20 percent as a result of the additional 
transportation and handling costs. However, compared with on farm outdoor storage and near 
biorefinery storage, it may decrease the loading cost by enabling the use of specialized loading 
equipment for handling large amounts of biomass (Judd et al. 2010). Finally, the option of 
settling the storage facility next to biorefinery has been examined. Papadopoulos and 
Katsigiannis (2002) indicated that establishing storage facilities attached to the biorefinery may 
potentially accelerate the drying process of the biomass, as dumped heat may be used without 
requiring extra energy consumption. Thus, the storage cost will be reduced.  
In addition, during storage operation, exposure of switchgrass to weather may result in 
dry matter losses. These losses may adversely impact biofuels production by reducing the 
quantity and quality of switchgrass available after harvest, and therefore increase the supply 
chain cost from biomass to the plant gate (Mooney et al. 2012). Dry matter losses can be affected 
by bale shape (large round and rectangular bales) and storage environment (indoors and outdoors) 
(Cundiff and Marsh 1996; Monti, Fazio, and Venturi 2009; Shinners et al. 2010; Mooney et al. 
2012). In addition, the timing of storage will also impact the dry matter losses. Sanderson, Egg, 
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and Wiselogel (1997) reported dry matter losses increased linearly with the period of storage. 
However, Larson et al. (2015) suggested dry matter losses increase at a decreasing rate with time 
in storage.   
Transportation is also a crucial factor in supply chain cost. Previous studies illustrated 
that the transportation cost could range from 13 to 28 percent of biomass-to-biofuel supply chain 
cost (Sokhansanj and Fenton 2006; Miao et al. 2012; Yu et al. 2014; Chugh et al. 2016), and this 
cost is sensitive to biomass transportation method (Sokhansanj and Fenton 2006; Miao et al. 
2012; Yue, You, and Snyder 2014; Roni et al. 2014). Sokhansanj et al. (2009) compared the cost 
of transporting biomass by truck, train, pipeline (i.e., transporting a slurry of chopped biomass 
and water through a pipeline), and barge in the biomass-to-biofuel supply chain system. Their 
study found that truck transportation was the least expensive option for the distances of less than 
160 kilometers, but above 160 kilometers, rail transportation was the least expensive mode of 
transportation. Below the distance of 270 kilometers, barge transportation was the most 
expensive option, while transporting biomass by pipeline was the most expensive method above 
the distance of 270 kilometers due to its high fixed cost and low variable cost. These results were 
supported by Miao et al. (2012), who reported that transporting biomass by truck could have cost 
advantages in relatively short distance (<100km), while rail transportation was more cost-
effective for medium to long overland transportation distances (>100 km), and pipeline and 
barge transportation methods were comparatively expensive. In addition, Miao et al. (2012) 
further suggested that feedstock types and form, biorefinery capacity, handling and processing 
equipment and government regulations should be considered in the selection of the optimal 
transportation methods for biomass.  
 14 
 
2.3   Multiple-Feedstock Supply Chain Cost 
Research has also evaluated the costs of feedstock in the multiple-feedstock supply chain. 
Several researchers address strategic (i.e., the strategic decisions are for long-term system plans 
that establish the system for years) or tactical (i.e., the tactical schedules are the short-term 
decisions governing the monthly operation of system) issues in a multiple-feedstock supply chain. 
Huang, Chen, and Fan (2010) developed a ten-year planning horizon mixed integer linear 
programming model for strategic management of a supply chain using eight potential residue and 
waste biomass resources in California (corn stover, rice straw, wheat straw, forest residues, 
cotton residues, Municipal Solid Waste (MSW) wood, MSW paper, and MSW yard). The 
strategic planning model was used to evaluate optimal feedstock supply chain design and 
included issues such as the location and size of biorefinery, expansion of biorefinery, quantity of 
feedstock and ethanol production, and delivered cost of feedstock to the city gate (i.e., from the 
feedstock fields to the end users) for the supply chain. They identified a mixture of MSW yard 
and MSW paper as primary feedstock resources for ethanol production. Furthermore, Huang, 
Chen, and Fan (2010) determined that the bio-residue and waste supply chain could sustainably 
supply ethanol at a cost of about $0.29 per liter. An, Wilhelm, and Searcy (2011) developed a 
multiple-period profit maximization model for a multiple-feedstock supply chain (switchgrass, 
mill residues, and urban wood wastes) to prescribe strategic supply chain decisions (e.g., optimal 
location, technology, and capacity of biorefinery). In addition, the model also used to prescribe a 
strategic plan for feedstock flows including the quantity of biomass production, storage, and 
transportation of each facility location in each season. The model demonstrated the design of the 
 15 
 
most profitable feedstock suppliers to biofuel customers supply chain in a case study in Central 
Texas.  
Other researchers have focused on storage management in multiple-feedstock supply 
chain. Ebadian et al. (2011) developed an Integrated Biomass Supply Analysis & Logistics-Multi 
Crops (IBSAL-MC) model to determine the plant-gate (i.e., including the activities occurring at 
the ethanol plant of unloading, stacking, at-plant storage and grinding) supply chain cost with the 
feedstock of spring wheat straw, durum wheat straw, and winter wheat straw for a plant with 
operation size of 70 million liters of ethanol per year. Their results suggested that the total 
logistics cost ranges from $62.06 to $63.46 per Mg with a 90 percent confidence level, and both 
on-farm and at-plant storage methods were used to optimize the storage cost. The optimal daily 
storage capacity of on-farm storage and at-plant storage were estimated at 400 Mg and 3500 Mg 
of biomass, with a storage cost of $2.64 per Mg and $0.73 per Mg, respectively. Rentizelas, Tolis, 
and Tatsiopoulos (2009) compared three storage methods for a multiple-feedstock supply chain 
using cotton stalks and almond tree prunings. The storage methods included ambient storage 
(AS), closed warehouse storage with biomass drying by hot air injection (WD), and covered 
storage without drying (CND). Their results indicated that multiple-feedstock supply chain was 
more advantageous when combined with relatively expensive storage method, like WD or CND, 
because of its advantage of saving storage space for biomass harvested in different seasons than 
with the single-feedstock supply chain. Furthermore, the storage cost was $5.96 million present 
value for cotton stalks of 10,197 Mg per year using the optimal storage method of covered 
storage facility without drying capability. 
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2.4   Comparison of Single- and Multiple-Feedstock Supply Chain System 
The seasonality of biomass crops may lead to additional storage, handling, harvest, 
transportation, and other costs in the single-biomass supply chain, therefore, it has the potential 
to increase the single-feedstock supply chain cost (Skoulou and Zabaniotou 2007). The multiple-
feedstock supply chain for biofuels production may provide a way of overcoming the seasonality 
availability of a single feedstock by using multiple biomass crops harvested in different seasons 
(Zhu and Yao 2011). Additionally, a multiple-feedstock supply chain may reduce the unit costs 
for harvest, handling, and transportation by spreading the equipment costs over different crops 
(An, Wilhelm, and Searcy 2011). 
However, there are also obstacles in the multiple-feedstock supply chain, mainly because 
of the increased complexity of the supply chain, especially when several types of biomass, each 
with a different set of production, physical, and chemical characteristics, are involved. The first 
issue lies in the technology problem for converting biomass with different physical and chemical 
characteristics into same product (Faaij et al. 1997). Some energy conversion technologies are 
tolerant to the variability of characteristics of biomass, but others are sensitive to it (Rentizelas, 
Tolis, and Tatsiopoulos 2009). Therefore, Hess et al. (2009) suggested using preprocessing (e.g., 
grinding or drying) to convert biomass from different sources into a similar format before the 
conversion process at the biorefinery. The second issue concerns the equipment used to establish, 
grow, harvest, handle, and transport different biomass sources (Rentizelas, Tolis, and 
Tatsiopoulos 2009). To minimize the capital cost of handling or harvesting equipment, the 
biomass feedstocks are required to be harvested, handled, and transported with the same 
equipment, or with small customizations of the equipment for each biomass type. Finally, to 
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alleviate the seasonal availability of biomass in the single-feedstock supply chain system, the 
multiple biomass crops to be harvested should be in different harvest seasons (Zhu and Yao 
2011). The advantages and disadvantages of single- and multiple-feedstock supply chains are 
outlined in Table 2.4.1. 
Researchers have used mathematical programming models to evaluate the profitability of 
single- and multiple-feedstock supply chains. Zhu and Yao (2011) formulated a mathematical 
programming model to compare the annual profit of single-feedstock (switchgrass) and multiple-
feedstock (switchgrass and agricultural residues like corn stalk and wheat straw) supply chains 
from the perspective of feedstock cost at the biorefinery plant gate. In the single-feedstock 
supply chain system, switchgrass was harvested from July to February, while in the multiple-
feedstock supply chain corn stalks and wheat straw were used in different periods as supplements 
to switchgrass. Zhu and Yao (2011) found in the single-feedstock system, the biorefineries 
reduced the biofuel production during the non-harvesting season of switchgrass and 1-2 months 
before that, due to the decreasing supply of switchgrass in the non-harvesting season. The 
production capability demonstrated significant seasonality, which is consistent with that of 
switchgrass harvesting. In addition, the storage cost also increased because of the opening of 
warehouses to store the biomass (i.e., infield, intermediate, and in-biorefinery warehouses). 
However, in the case of multiple-feedstock supply chain system, the seasonality of biofuel 
production could be alleviated because stalk and straw could be purchased and supplied to the 
biorefinery during the non-harvest season of switchgrass (i.e., it is assumed the stalk and straw 
could be purchased by the biorefineries throughout the year). Furthermore, the storage cost was 
reduced because of the closing of warehouses (i.e., infield and intermediate warehouses), due to 
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the usage of multiple biomass crops (i.e., switchgrass, stalk, and straw) in the non-harvest season 
of switchgrass. Zhu and Yao (2011) reported that the multiple-feedstock supply chain system 
produced a profit of $0.085 per liter, which was $0.029 per liter greater than the single-feedstock 
system.  
2.5   Research Methods of Biomass Supply Chain System 
Methods used to evaluate the biomass-to-biofuel supply chain system can be classified 
into several categories including simulation analysis, mathematical programming, and enterprise 
budgeting analysis. With simulation analysis, Kumar and Sokhansanj (2007) utilized a dynamic 
simulation model of Integrated Biomass Supply Analysis and Logistic (IBSAL) to evaluate the 
supply chain cost from the field to the biorefinery, while considering three collection systems: 
baling, loafing, and ensiling systems. Ebadian et al. (2011) developed a simulation model to 
determine the cost of entire multiple-feedstock supply chain and to make subsequent strategic 
decisions on logistical operations. With mathematical analysis, Ekşioğlu et al. (2009) proposed a 
mathematical model to design the supply chain for both long-term and short-term decision-
making. Their model determined the number, size and location of biorefineries, while at the 
same time, determined the amount of biomass to be processed and stored during a certain period. 
Bruglieri and Liberti (2008) developed a mixed-integer nonlinear programming model to analyze 
the problems arising from a multiple-biomass (e.g., agricultural products, biological waste) 
supply chain. They aimed to solve the problem: determine the biomass (e.g., poplar, straw, can, 
wheat, etc.) to produce, transportation decisions (e.g., equipment) to convey the feedstocks to the 
respective plants, and plant site locations. As to enterprise budgeting, Larson et al. (2010) used 
this method to determine and compare the switchgrass-to-ethanol supply chain cost under 
 19 
 
various logistic methods (i.e., traditional large round and rectangular bale harvest and storage 
systems and satellite preprocessing facilities using field-chopped material) in Tennessee. The 
result of the enterprise and capital budgeting determined the cost of each operation (e.g., harvest, 
storage, and transportation, etc.) and the total supply chain cost. Perrin et al. (2008) utilized the 
budgeting method to estimate the production cost of switchgrass that would be experienced by 
farmers on commercial production situations, the result of which provided a reliable benchmark 
for current commercial switchgrass production. 
From the literature review, simulation and mathematical programming methods have 
been applied to both single- and multiple-feedstock supply chain analyses. However, rarely 
research has been done utilizing enterprise budgeting method on the multiple-feedstock system.  
In addition, the enterprise budgeting method not only provides basic and reliable information 
about operation cost and total supply chain cost in the biomass-to-biofuel supply chain system, 
but also provides reliable parameters to the mathematic programming or simulation models. 
Therefore, enterprise budgeting method will be used in this study to compare single- and 
multiple-feedstock supply chain system. 
2.6   Potential Contributions of this Research 
In Tennessee, the growing of dedicated energy crops such as switchgrass to produce 
biomass has the same problem of seasonal availability of biomass for a biorefinery as indicated 
in the research reviewed previously. Additionally, high precipitation during winter in Tennessee 
may limit the harvesting period for switchgrass thereby increasing storage, handling, and harvest 
cost as well as storage risk. Therefore, it is necessary to develop a more efficient supply chain 
that may include growing more than one dedicated energy crop in the supply chain.  
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Furthermore, Tennessee has the potential to supply large amounts of dedicated energy 
crops at competitive prices compared with other regions in the United States (English et al. 2006). 
Methods to harvest multiple biomass types can be similar, so savings on equipment occurs. In 
addition, uniform-format equipment is applicable for different biomass crop species. For 
example, forage harvesters can be used to harvest biomass crops such as switchgrass, hybrid 
poplar, and biomass sorghum (Hess et al. 2009; Perlack et al. 2011; Berhongaray, Kasmioui, and 
Ceulemans 2013), and it is possible to use same transportation and handling equipment for 
different biomass types harvested with forage harvester (Hess et al. 2009). Furthermore, different 
types of feedstocks could be converted to biofuel with a single conversion technology through 
feedstock preprocessing like grinding or drying to obtain similar particle sizes and moisture 
levels before the entering the conversion phase (Hess et al. 2009). Therefore, research about the 
potential cost of a multiple-feedstock supply chain for biofuels production is necessary and 
feasible in Tennessee.  
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CHAPTER III: CONCEPTUAL FRAMEWORK 
3.1   Overview 
The supply chain costs for biofuel production will vary for single- and multiple- 
feedstock systems. A comparison of the plate-gate supply chain cost from the field to biorefinery 
between two scenarios is needed. The two scenarios are: 
Scenario I: a single-feedstock supply chain system with the feedstock of switchgrass,   
Scenario II: a multiple-feedstock supply chain system utilizing switchgrass, hybrid poplar, 
and biomass sorghum as feedstock,  
In this study, the biorefinery is assumed to be a price-taker, and output of biofuel is constant each 
year, and thus the profitable supply chain system is the one with lower total logistic costs.  
 Liquefaction of biomass by fast pyrolysis and subsequent upgrading of the resulting 
pyrolysis oil (bio-oil) is assumed to be the conversion technology employed in this study to 
produce renewable fuels (diesel range stock fuel) from biomass crops (Wright et al. 2010). The 
fast pyrolysis and bio-oil upgrading technology are applicable to both single- and multiple-
feedstock systems after preprocessing biomass crops (Hess et al. 2009; Wright et al. 2010).  
3.2   Single-Feedstock Supply Chain 
For the single-feedstock supply chain scenario, switchgrass is the only feedstock used to 
produce diesel and uses a supply chain as depicted in Figure 3.2.1. The switchgrass harvest 
season is assumed to take place between November and February (Larson et al. 2010); however, 
switchgrass is demanded year-round by the biorefinery. Therefore, it is necessary to store 
switchgrass during the off-harvest season. After switchgrass is harvested using large rectangular 
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balers, one-third of the feedstock is transported directly to the biorefinery (Larson et al. 2015). 
However, two-thirds of the feedstock is stored on-farm using a protective tarp cover and a gravel 
base for storing bales from November to October and then transported for preprocessing during 
the off-harvest season (Larson et al. 2015). Material comes out of storage as it is demanded by 
the biorefinery using the “last in, first out” principle (Larson et al. 2015). That is, the biomass 
stored last to the edge of the field will be transported first to the biorefinery.  
Because of the moisture content and the length of the harvested stalks (~244cm) in baled 
switchgrass, size reduction and drying operations may be required after delivery to the plant to 
prepare feedstock for conversion into diesel. After the preprocessing operation, switchgrass is 
converted to diesel with the conversion technology of fast pyrolysis and bio-oil upgrading. 
Figure 3.2.1 shows the operations of the switchgrass-to-diesel supply chain from the field to the 
conversion facility. The total plant-gate logistic cost for single-feedstock supply chain system is 
the sum of opportunity cost of land use, establishment cost, maintenance cost, harvest cost, 
storage cost, transportation cost, drying and handling cost, and size reduction cost.   
3.3   Multiple-Feedstock Supply Chain  
For the multiple-feedstock supply chain scenario, diesel is produced from switchgrass, 
hybrid poplar, and biomass sorghum. Biomass from the three crops can be supplied to the 
biorefinery year round year round because of the different harvest periods for crop. Switchgrass 
can be harvested from November through February (Larson et al. 2015). Hybrid poplar can be 
harvested from March through August (Jackson 2015). Biomass sorghum can be harvested in 
September and October (Stewart 2014). Therefore, there is no need to store biomass. After being 
harvested, biomass is transported directly for preprocessing, and then converted into diesel. 
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During the preprocessing operation, the biomass is dried to meet the desired moisture content for 
the conversion technology (i.e., fast pyrolysis and bio-oil upgrading). Figure 3.3.1 depicts how 
the different types of biomass move through the supply chain before conversion into diesel. The 
logistic cost of each of the biomass types includes the opportunity cost of land use, establishment 
cost, maintenance cost, harvest cost, transportation cost, and size reduction cost.  ! 
3.4   Supply Chain Costs 
Switchgrass and hybrid poplar are perennial crops with estimated stand useful lives of 10 
years and 15 years, respectively (Perlack et al. 2011). By comparison, biomass sorghum is an 
annual crop that must be replanted each year (Perlack et al. 2011). To compare the costs of the 
single- and multiple-feedstock supply chains with crops that have different stand useful lives, it 
is necessary to annualize the total supply chain cost for each feedstock if the stand life is more 
than one year.   
Total supply chain cost (dollar per dry Mg) at the biorefinery plant gate ( mktTC ) in each 
year of crop production t and for each dedicated energy crop k can be defined as: 
mk
tTC =
mk
tOPP +
mk
tEST +
mk
tMAIN +
mk
tHARV +
mk
tSTORE +
mk
tTRAN +
mk
tPRE ,  (1) 
where m=1 for single feedstock supply chain (i.e., switchgrass is the only feedstock in the single-
feedstock supply chain), m=2 for multiple-feedstock supply chain (i.e., switchgrass, biomass 
sorghum, and hybrid poplar are the three feedstocks in the multiple-feedstock system);  k=1 for 
switchgrass, k=2 for hybrid poplar, and k=3 for biomass sorghum; OPP is the opportunity cost 
for the land owner (i.e., rent the land or engage in another agricultural production activity on the 
land) (James, Swinton, and Thelen 2010; Mooney et al. 2009); EST is the cost of establishing 
(i.e., planting) the dedicated energy crop; MAIN is the maintenance (e.g., fertilizer, herbicides, 
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and other inputs to grow the crop after establishment) cost; HARV is harvest cost; STORE is 
storage cost; TRAN is transportation cost; and PRE is preprocessing cost.  
 One difference between the single- and multiple-feedstock supply chains is that the 
storage cost is zero in the multiple-feedstock supply chain. Specifically, in the single-feedstock 
supply chain, the dry matter losses in the storage operation are also considered. Since the storage 
dry matter losses will increase the prepared switchgrass quantity for the diesel production, the 
establishment, maintenance, harvest, and storage cost (dollar per dry Mg) are then adjusted for 
dry matter losses using the Equations (2)-(5) (Larson et al. 2010):  
Adjusted establishment cost ($/dry Mg): 
)1( λ
λ
−
=
k
tESTEST ,     (2) 
Adjusted maintenance cost ($/dry Mg): 
)1( λ
λ
−
=
k
tMAINMAIN ,    (3) 
Adjusted harvest cost ($/dry Mg): 
)1( λ
λ
−
=
k
tHARVHARV ,     (4) 
Adjusted storage cost ($/dry Mg): 
)1( λ
λ
−
=
k
tSTORESTORE ,     (5) 
where λ  is the storage dry matter losses, which is assumed to be 8.94% in the single-feedstock 
supply chain system (Larson et al. 2015), λEST is the storage loss-adjusted establishment cost; 
λMAIN  is the storage loss-adjusted maintenance cost; λHARV  is the storage loss-adjusted 
harvest cost; and λSTORE  is the storage loss-adjusted storage cost. Therefore, in the single-
feedstock supply chain scenario, the total supply chain cost ( mktTC , m=1) is the sum of 
opportunity cost ( mktOPP ) of land use change, adjusted establishment cost (
λmk
tEST ), adjusted 
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maintenance cost ( λmktMAIN ), adjusted harvest cost (
λmk
tHARV ), adjusted storage cost 
( λmktSTORE ), transportation cost (
mk
tTRAN ), and preprocessing cost (
mk
tPRE ).  
Because switchgrass and hybrid poplar are perennial crops with different stand useful 
lives, supply chain costs are annualized to calculate expected supply chain costs for the multiple-
feedstock supply chain scenario and to facilitate comparisons with the single-feedstock supply 
chain scenario. The two steps to annualize the supply chain costs for the perennial crops are: 1) 
calculate the present value of the costs for T years for each perennial crop, and 2) apply a capital 
recovery factor to the present value calculated in the previous step (Ross, Westerfield, and Jaffe 
2005). The present value cost (PVC, dollar per dry Mg) for perennial crop k with a stand useful 
life of T years is: 
∑ = +=
T
t t
k
tk
r
TC
PVC
1 )1(
,         (6)  
where T=10 for switchgrass and T=15 for hybrid poplar (Perlack et al. 2011). The annualized 
supply chain cost (AC, dollar per dry Mg) of the perennial crops is: 
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,        (7) 
where r is the discount rate used by the biorefinery to evaluate the optimal design of the 
feedstock supply chain and represents the opportunity cost of capital used in the project (Boyer 
et al. 2015).   
The total annualized supply chain cost ( mTAC , m=1) for the single-feedstock supply 
chain scenario is the annualized cost of switchgrass. The total annualized supply chain cost 
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( mTAC , m=2) for the multiple-feedstock supply chain scenario is the weighted average of the 
annualized cost of three dedicated energy crops, which is formulated as: 
∑ = ×=
K
k
KKm ACWTAC
1
,         (8) 
where W is the quantity of biomass provided to the biorefinery for each dedicated energy crop 
(Mg). 
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CHAPTER IV: METHODS AND DATA 
4.1   Overview 
Enterprise budgeting and sensitivity analysis methods are conducted to analyze single- 
and multiple-feedstock supply chain system. In the single-feedstock supply chain system, 
switchgrass is assumed as the main feedstock, with 10 years stand life. As for the multiple-
feedstock supply chain system, the feedstock consists of switchgrass, hybrid poplar, and biomass 
sorghum, with the stand life of 10 years, 15 years, and one year, respectively (Perlack et al. 2011; 
Jackson 2015).  
Several general assumptions are applied to both the single- and multiple-feedstock supply 
chain analysis. In this study, we assume the biorefinery is located in the southeast of Nashville 
with 189 million liters of diesel produced every year (Yu et al. 2014). The biomass fast pyrolysis 
and bio-oil upgrading conversion technology is applied to produce diesel in the biorefinery. The 
conversion rate from biomass (switchgrass, hybrid poplar, and biomass sorghum) to diesel is 
303.31 liters per dry Mg based on the ash content of biomass following Wright et al. (2010) (see 
Appendix). Therefore, given the diesel production capacity and conversion rate, 623,131 dry Mg 
of biomass crops are needed for diesel production on both single- and multiple-feedstock supply 
chain systems. In addition, the feedstock supply region is spread over 11 counties, which are 
Bedford, Cannon, Coffee, Davidson, DeKalb, Maury, Rutherford, Smith, Warren, Williamson, 
and Wilson. The supply region is determined by the location of the biorefinery and the distance 
from the feedstock fields to the biorefinery, of which is 32.19 km (i.e., the distance is derived 
from Yu et al. 2014 (see Appendix)).  
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4.2   Enterprise Budgeting  
To conduct the comparison between the biomass-biofuel supply chain systems, biomass 
enterprise budgeting analysis is used. There are two basic needs for this analysis: costs and yields.  
The costs are based on multiple sources (UT Extension (2009), Larson et al. (2010), personal 
communication with Jackson (2015), American Agricultural Economics Association (2000), and 
Smith et al. (2015)). All the costs in this analysis are in 2015 dollar.  
The yield of switchgrass, hybrid poplar, and biomass sorghum depends on whether the 
land used to grow the feedstocks is converted from cropland or pastureland (Walsh et al. 2003; 
Perlack et al. 2011). According to Perlack et al. (2011), the average yield for switchgrass, hybrid 
poplar, and biomass sorghum converted from cropland is 21.81 dry Mg per ha per year, 13.59 
dry Mg per ha per year, and 17.64 dry Mg per ha per year, respectively. Hybrid poplar is 
assumed to be harvested every three years, so the revised hybrid poplar yield in every three years 
is 40.76 dry Mg per ha (i.e., yield in every year times the harvest rotation). In addition, it is 
suggested that the yield of biomass converted from pastureland is 85% of that from cropland 
(Walsh et al. 2003). In this study, we assume that switchgrass and hybrid poplar is converted 
from pastureland (Perlack et al. 2011), while biomass sorghum is from cropland (Turhollow, 
Webb, and Downing 2010). Thus the adjusted yields assumed for switchgrass and hybrid poplar 
covered from pastureland are 18.55 dry Mg per ha per year and 34.65 dry Mg per ha per every 
three years, respectively. Furthermore, the yield of switchgrass and hybrid poplar is relatively 
low in the first few harvest years. For example, switchgrass yield reaches maturity (18.55 dry Mg 
per ha per year) after the third year of production (Parrish and Fike 2005), and switchgrass yield 
in the first and second year is about 18% and 43% of the yield in the third year, respectively (UT 
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Extension 2009). Thus, switchgrass yield would be 3.36 dry Mg per ha in the first harvest year 
and 8.05 dry Mg per ha in the second harvest year.  Hybrid poplar yield is assumed to be 9.53 
Mg per ha in the first three years (Jackson 2015), and the yield will reach maturity afterwards 
(i.e., 34.65 Mg per ha per every three years).    
A nominal interest rate of 6.27 percent is assumed on a 6-month operating loan to finance 
establishment costs and operating expenses in the stand life year, while capital cost of equipment 
is amortized using the capital recovery method (American Agricultural Economics Association 
2000) with a real interest rate of 5.27 percent (Federal Reserve Bank of Kansas City 2010). The 
discount rate for the cash flow of the total logistic cost is 6.89 percent (S&P Dow Jones Indices 
2016; Federal Reserve Bank of St. Louis 2016). Labor time is assumed to be 1.25 times the 
machine time (American Agricultural Economics Association 2000) and the wage for farm labor 
and truck drive is $9.31 per hour and $20.18 per hour, respectively (U.S. Department of Labor 
2015). The diesel fuel price is $1.19 per liter after adjusted to year 2015-dollar price when 
estimating the machinery cost (U.S. Energy Information Administration 2015; U.S. Department 
of Agriculture 2016).   
4.2.1 Single-Feedstock Supply Chain System 
A total of seven cost components are considered in the single-feedstock supply chain 
system in this analysis. These seven components include the opportunity cost of land use for 
feedstock, plus the establishment cost, maintenance cost, harvest cost, storage cost, 
transportation cost, and preprocessing cost of feedstock (see Figure 3.2.1). Aside from 
opportunity cost of the land use for feedstock, each cost item contains material, 
machinery/equipment, labor, and operating interest cost. The following paragraphs explain each 
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cost item in detail. The machinery cost and operation budgeting of single-feedstock supply chain 
system is displayed in Table 4.2.1.1 to Table 4.2.1.7. 
Opportunity Cost: In the single-feedstock supply chain system, switchgrass is converted 
from pastureland; thus, the opportunity cost of switchgrass is defined as the forgone profit from 
pasture production activities taking place before the conversion of land to switchgrass production. 
The forgone profit is defined as cash rent of pastureland in this study (see Table 4.2.1.1). 
Establishment cost: Switchgrass is established with a no-till method in year zero (Larson 
et al. 2010). Establishment cost considered in this study includes the cost of seeding, chemical 
weed control, and fertilizer in addition to labor and machinery costs (see Table 4.2.1.2) for this 
establishment operation and the interest cost on loaning money for machine/material. In the 
establishment operation, 6.72 kg of live seed per ha is applied, and the price of the switchgrass 
seed is assumed to be $48.50 per kg (Perlack et al. 2011). For weed control, glyphosate-base 
herbicide is used for fall and spring burndown, and post-emerge herbicide is applied to control 
broadleaf and grassy weeds (UT Extension 2009). Nitrogen fertilizer is not applied in the 
establishment year as the nitrogen will stimulate weed growth and thus increase competition for 
nutrients, water, or sunlight (Mooney and English 2009). For phosphorus and potassium fertilizer, 
the application rate is assumed to be 44.81 and 89.63 kg per ha, respectively (UT Extension 
2009), with the same assumed price of $0.88 per kg (Smith et al. 2015) (see Table 4.2.1.3). 
Establishment cost is amortized over a stand life of 10 years assumed in this study. 
Maintenance cost:  Maintenance is assumed to start from the first year to the 10th year for 
switchgrass. Annual maintenance costs include fertilization and chemical weed control cost 
(Larson et al. 2010). Nitrogen fertilizer is assumed at the Extension-recommended level of 67.22 
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kg per ha at $1.17 per kg (UT Extension 2009; Smith et al. 2015) (see Table 4.2.1.4). Phosphorus 
and potassium fertilizer may need to be applied, depending on the existing soil levels. In our 
study, it is assumed that no phosphorus or potassium fertilizer is applied during the maintenance 
operation (UT Extension 2009). For weed control, a well-established stand typically requires 
herbicides to control weed only once or twice every ten years (Turhollow and Epplin 2012). In 
this study, we assume herbicides are applied in the first year (UT Extension 2010; Turhollow and 
Epplin 2012). 
Harvest cost: The harvest cost mainly comes from the machinery/equipment cost. In this 
single-feedstock system, switchgrass is harvested with conventional hay method with the 
equipment of mower, 4ft × 8ft rectangular baler, front-end loader, and tractor. The equipment 
cost is listed in Table 4.2.1.2. Switchgrass is harvested with the rectangular baler and then staged 
by the tractor with a front-end loader to the edge of field for storage. The total harvest cost per 
dry Mg is the sum of the per-dry Mg costs of mowing, baling, and staging. The cost of 
equipment per dry Mg is the product of the machine cost per hour (dollar per hour) and machine 
efficiency/throughput (hour per dry Mg). The machine cost (dollar per hour) is consisted of 
capital cost (i.e., capital recovery cost and tax, insurance, and housing cost) and operating cost 
(i.e., diesel fuel, lubrication, and repair and maintenance cost). The machine 
efficiency/throughput for mower, baler, and front-end loader is assumed to be 0.94 hour per ha 
(Larson et al. 2010), 30.75 dry Mg per hour (Jackson 2015), and eight dry Mg per hour (Mooney 
et al. 2009), respectively. The harvest budgeting is listed in Table 4.2.1.5. 
Storage cost: Storage cost is based on the assumption that one-third of switchgrass bales 
are delivered directly to the biorefinery following harvest, with the remaining two-thirds are 
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stored on-farm. The storage cost includes material for tarps and gravel, operating interest cost, 
laborers required to create bale stacks, and the cost associated with dry matter losses. The 
estimated costs for material used for storage of switchgrass bales including the sizes and prices 
for tarps and gravel are obtained from an informal survey from suppliers in Tennessee. Jackson 
(2015) suggested the switchgrass bales (3ft × 4ft × 8ft) configuration to be two bales in width, 
four bales in height, with a ridge cap splitting the middle, and every 12 rows is required in one 
stack. Thus, there will be 108 bales for one stack. A tarp with the size of 27ft × 48ft is assumed 
to cover one stack of switchgrass bales. The cost of tarps and gravel are amortized over five 
years with zero salvage value (Larson et al. 2010). Four laborers are employed during the storage 
operation, and it takes 45 minutes to put the tarp on and another 45 minutes to take the tarp off 
(University of Wisconsin Extension 2005). The storage dry matter losses are assumed to be 8.94% 
(Larson et al. 2015). Since the storage dry matter losses will increase the prepared switchgrass 
quantity for the diesel production, all the operation cost happens before storage cost (i.e., 
establishment, maintenance, harvest, and storage cost) are adjusted by dry matter losses with the 
formula of operation cost divided by one minus storage dry matter losses (Larson et al. 2010). 
The storage budget is shown in Table 4.2.1.6. 
Transportation cost: The transportation cost includes both the cost of transporting 
switchgrass from the field to the biorefinery and the cost of loading/unloading switchgrass bales.  
The transportation cost mainly comes from the machinery cost. The average cost per dry Mg of 
transportation is obtained by dividing the machine cost (dollar per hour) by the machine 
efficiency (dry Mg per hour). The machines utilized during the transportation operation include 
the flatbed trailer, semi-truck, front-end loader, and tractor. The machine efficiency of flatbed 
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trailer and front-end loader is crucial to the transportation cost. Flatbed trailer efficiency (dry Mg 
per hour) is impacted by the distance (km) from the biomass field to the biorefinery, average 
speed (km per hour), and machine capacity (dry Mg per load) of flatbed trailer. The average 
distance traveled from the switchgrass field to the biorefinery is assumed to be 32.19 km derived 
from Yu et al. (2014), and the average travel speed of a flatbed trailer is 80.47 km per hour 
(Brechbill, Tyner, and Ileleji 2008; U.S. Department of Transportation 2010). As a result, the 
time per round trip to the biorefinery is 0.8 hours for the single-feedstock supply chain system. 
The capacity of the trailer is assumed to be 36 rectangular bales per load with the weight of 
567.00 wet kg per bale (Jackson 2015). Thus, machine efficiency of flatbed trailer is 23.06 dry 
Mg per hour with the moisture content of 18 percent (Genera Energy 2015). Front-end loader is 
utilized to load and unload the switchgrass bales. It takes 30 minutes to load and 20 minutes to 
unload one trailer of switchgrass balers. In addition, it is assumed that the trailer operation hour 
is 10 hours per day (Larson et al. 2010). Table 4.2.1.2 lists the cost (dollar per hour) of 
transportation equipment in detail. Dry matter losses in transportation operation are assumed to 
be the same for both single- and multiple-feedstock supply chain and thus not accounted for in 
this analysis. The transportation budget is summarized in Table 4.2.1.7. 
Preprocessing cost: Delivered feedstock typically requires preprocessing before being 
fed into a conversion facility to avoid penalties that reduce the diesel yields (i.e., the amount of 
diesel converted from biomass) or increase the heating requirement (Wright et al. 2010). In this 
system, mechanical particle-size reduction and drying are used in the preprocessing operation.  
The preprocessing cost includes drying and handling costs as well as size reduction cost. The 
basic parameters are listed in Table 4.2.1.8.  
 34 
 
The moisture content of switchgrass bales is assumed to be18 percent (Stewart 2014), 
which is 6 percent higher than the desired value of 12 percent for reasonable pyrolysis 
performance (Jackson 2015). Thus, it is necessary to dry the switchgrass. Drying and handling 
equipment includes wheel loader, airvey system, dryer, pre-conversion storage bin, dry material 
screener, milled material conveying system, and explosion detection system (Jackson 2016). The 
cost of drying and handling includes capital and operating costs (Mani et al. 2006). The capital 
cost includes the cost of land rent, office building construction, purchase of machines/equipment, 
and equipment installation; and the operating cost includes heat energy cost for drying 
switchgrass, electricity cost, interest, property tax, service and maintenance cost, and personnel 
cost (Mani et al. 2006; Jackson 2015).  
The equipment for size reduction includes a wood hog and grinding receiving belt with 
magnet and screen (Jackson 2016). Capital and operating costs need to be taken machinery costs 
into account for size reduction (Mani et al. 2006). The capital cost includes the purchase of 
equipment and the equipment installation cost; and the operating cost includes property tax, 
interest, electricity, service and maintenance cost, personnel costs, and other variable cost (Mani 
et al. 2006; Jackson 2015).  
4.2.2 Multiple-Feedstock Supply Chain System 
In the multiple-feedstock supply chain system, there are six cost items. These cost items 
are opportunity cost of the land use for biomass crops, establishment cost, maintenance cost, 
harvest cost, transportation cost, and preprocessing cost. Aside from opportunity cost of land use, 
each operation cost item contains material, machinery/equipment, labor, and operating interest 
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cost. The data (i.e., machinery cost, operation budget, etc.) for multiple-feedstock supply chain is 
shown from Table 4.2.2.1 to Table 4.2.2.32. 
Opportunity Cost: Due to the different land use changes for the biomass types, the 
opportunity cost of land use for switchgrass, hybrid poplar, and biomass sorghum is different. In 
this study, the opportunity cost of land use for switchgrass and hybrid poplar is the cash rent of 
pastureland; and for biomass sorghum, it is the cash rent of cropland in the 11 counties. Table 
4.2.1.1 shows the detail data of cash rent of pastureland and cropland in the study area. The 
average cash rent for pastureland and cropland in the study area is $52.63 per ha and $165.93 per 
ha, respectively.  
Establishment Cost: For a multiple-feedstock supply chain system, no-till establishment 
method is assumed to be applied. In addition, because the stand life and harvest rotation differs 
among the three biomass types, in order to harvest the biomass in the same year, switchgrass and 
hybrid poplar need to be established years in advance. The establishment schedule of the 
biomass types in the multiple-feedstock supply chain system is listed in Table 4.2.2.1. And the 
machinery cost is shown in Table 4.2.2.2. 
Switchgrass is established one year in advance of year zero. The fertilizer and chemical 
weed control usage is the same as that in the single-feedstock supply chain system (see Table 
4.2.2.3). In addition, establishment cost is amortized over an assumed stand life of 10 years. 
Hybrid poplar is harvested every three years, but it is demanded every year. In order to 
provide hybrid poplar to the biorefinery in each year, three hybrid poplar fields with different 
establishment years are required. That is, the first field (Field 1) is established two years in 
advance of year zero, and the stand life ends at year 12. The second field (Field 2) is established 
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one year in advance of year zero, and the stand life ends at year 13. The third field (Field 3) is 
established in year zero, and the stand life ends at year 14 (see Table 4.2.2.1). Therefore, the first 
harvest year of Field 1, Field 2, and Field 3 is year zero, year one, and year two, respectively. 
This indicates that we are able to supply hybrid poplar to the biorefinery in each year. In each of 
the three fields, the quantity (dry Mg) of hybrid poplar provided to the biorefinery is the same, 
which aims to meet the yearly demand of diesel production. In this study, each hybrid poplar 
field provides 311,564 dry Mg of feedstock to the biorefinery in the harvest year based on the 
assumption of the biofuel production capacity, conversion rate, and the harvest months of hybrid 
poplar. The hectares of each field (ha) is the quantity of hybrid poplar in each field (dry Mg) 
divided by the average yield (dry Mg per hectare) of hybrid poplar in the stand life year, which is 
10,496.87 hectares for each field. Therefore, the annualized establishment cost in the hybrid 
poplar system is equal to the average annualized establishment cost of the three fields. In 
addition, the annualized maintenance, harvest, transportation, preprocessing, and the opportunity 
cost of land use for hybrid poplar will be calculated in the same way of the establishment cost, 
which is also the average of these operation cost, respectively. For the establishment method, 
hybrid poplar is planted manually. Hybrid poplar is planted with tree-cuttings that are 30.48-
45.72 cm long and inserted into the ground by hand (Jackson 2015). The site is prepared by 
digging a trench by the subsoiler. A crew of planters then walks the field and stick the tree-
cuttings in the ground (Jackson 2015). Totally, 3,705 hybrid poplar cuttings are needed per ha 
(Rials 2016) with a price of $0.38 per tree-cutting (Segal Ranch Hybrid Poplar 2015). The field 
planting efficiency of 1.012 ha per hour is planted with a crew of 12 individual laborers (Jackson 
2015). The labor cost for this crew is $17 per hour, and each hectare required 11.86 hours of 
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labor. Therefore, the labor cost for establishment is $201.55 per ha. The establishment budget is 
shown in Table 4.2.2.4 to Table 4.2.2.9. 
In case of biomass sorghum, it is established in year zero. The seeding rate is assumed to 
be 7.00 kg per ha for biomass sorghum (Amosson et al. 2011). The fertilizer usage of biomass 
sorghum is the same as that in forage sorghum, which are 72.83 kg per ha of phosphorus and 
134.45 kg per ha of potassium (Blade Energy Crop 2010). Weed control treatment is 3.51 liters 
per ha of glyphosate-based herbicide (Rhodes 2015) (see Table 4.2.2.10).  
Maintenance Cost: Annual maintenance costs include nitrogen fertilization, weed control, 
machinery, labor, and operating interest cost. The maintenance cost of the biomass crops is 
amortized over the stand life of each biomass.  
For switchgrass, fertilizer and herbicide usage are the same as that in the single-feedstock 
supply chain system. Nitrogen fertilizer is assumed to be applied every year, while herbicide is 
used in year zero (UT extension 2010; Turhollow and Epplin 2012) (see Table 4.2.2.11 and 
Table 4.2.2.12). 
For hybrid poplar, nitrogen fertilizer is utilized with same quantity in every rotation. For 
example, the maintenance year for Field 1 starts from one year in advance of year zero to year 12 
(see Table 4.2.2.1). The fertilizer is applied in the first year of maintenance year and every year 
after hybrid poplar harvested. That means, for Field 1, the nitrogen fertilizer is required in the 
following years: one year in advance of year zero, year one, year four, year seven, and year ten. 
The herbicide usage of hybrid poplar changes over time. Each year after harvest, the usage of 
herbicide will be more prevalent. For example, in the first year after harvest, weed control is 
important for the biomass field. In the second year after harvest, only about half of the hectares 
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require herbicide, and then in the third year after harvest, none herbicide is needed. It is a curve 
that will be reset every three years after harvest (Jackson 2015). The maintenance budget is listed 
in Table 4.2.2.13 to Table 4.2.2.16. 
For biomass sorghum, atrazine is used for weed control, at a rate of 2.24 kg of active 
ingredient per ha (Rhodes 2015).  Nitrogen fertilizer is applied at a rate of 134.45 kg per ha 
(Blade Energy Crop 2010) (see Table 4.2.2.17).  
Harvest Cost: The harvest equipment for biomass types includes forage harvester, 
specified headers for forage harvester, tip-wagon, and tractor. Table 4.2.2.2 lists the cost (dollar 
per hour) of harvest equipment in detail. The biomass types are harvested with a forage harvester 
with specified header for each biomass, and then the chopped biomass is blown into a tip-wagon 
that travels alongside the forage harvester. The specified headers for switchgrass, hybrid poplar, 
and biomass sorghum are rotary header, coppice header, and non-row sensitive header. 
Specifically, the coppice header is able to harvest woody plants containing stems up to 12.07 cm 
in diameter (Extension 2016). The three-year rotation hybrid poplar is able to be harvested by 
forage harvester with the coppice header (Rials 2016). Since the three types of biomass are 
harvested in different seasons, the identified equipment including forage harvester, tip-wagon, 
and tractor could be applied to the three types of biomass during their harvest season. The 
throughput of forage harvester for switchgrass, hybrid poplar, and biomass sorghum is 50, 16, 
and 40 dry Mg per hour, respectively (Jackson 2015). Estimated harvest days are assumed to be 
70 percent of the days per month when precipitation is less than 0.03 cm. Available harvest hours 
are assumed to be an average of 60 percent of daylight hours of harvest time per available 
harvest day (Larson et al. 2010). Total harvest hours for switchgrass, hybrid poplar, and biomass 
 39 
 
sorghum are 338.34, 641.22, and 203.91 hours (see Table 4.2.2.18 Table 4.2.2.20), respectively 
(National Weather Service Forecast Office 2015; Climate and Temperature 2015). The harvest 
budget for switchgrass, hybrid poplar, and biomass sorghum are shown in Table 4.2.2.21 to 
Table 4.2.2.28.  
Transportation cost: Transportation cost contains both the cost of transporting biomass 
from the field to the biorefinery and loading/unloading cost. Transportation cost per dry Mg is 
obtained by dividing the machinery cost (dollar per hour) by the machine efficiency (dry Mg per 
hour). The machines of walking floor trailer, semi-truck, tip-wagon, and tractor are employed in 
this operation. The cost of transportation equipment is presented in Table 4.2.2.2. In the process 
of loading biomass to the walking floor trailer, the tip-wagon is used, with a machinery 
efficiency of 0.0124 hours per dry Mg (Womac 2011). In the case of transporting biomass to the 
biorefinery, the machine efficiency is highly impacted by the capacity (dry Mg per load), 
distance (km), and speed (km per hour) of the walking floor trailer. The capacity of the walking 
floor for the biomass types is the product of biomass bulk density and the volume of the trailer. 
The volume of the trailer is 107 cubic meters ( 3m ) (Mastell 2016). The average bulk density of 
wet switchgrass, hybrid poplar, and biomass sorghum is 104 wet kg per 3m  (Bassam 2010; 
Groothuis and Womac 2012), 259.59 wet kg per 3m  (Bassam 2010; Thompson, Klepac, and 
Sprinkle 2012; Extension 2014), and 355 wet kg per 3m  (Webster et al. 2004; Gonzalez et al. 
2011), respectively. The machine capacity with dry Mg unit is adjusted based on the moisture 
content of the biomass types. The moisture content of the switchgrass, hybrid poplar, and 
biomass is 14 percent (Genera Energy 2015), 50 percent (Phillips et al. 2007), and 60 percent 
(Genera Energy 2015), respectively. With the average distance from the biomass field to the 
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biorefinery and the average travel speed of the walking floor trailer, the machine efficiency for 
switchgrass, hybrid poplar, and biomass sorghum is 13.19, 19.14, and 20.94 dry Mg per hour, 
respectively. It is assumed that the walking floor trailer operates 10 hours per day (Larson et al. 
2010). Dry matter losses in transportation operation are assumed to be the same for both single- 
and multiple-feedstock supply chain system and thus not accounted for in this analysis. The 
transportation budget for switchgrass, hybrid poplar, and biomass sorghum are shown in Table 
4.2.2.29 to Table 4.2.2.35.  
Preprocessing Cost: For multiple-feedstock supply chain system, since the biomass types 
are harvested with the forage harvester in chop or chip material, there is no need to reduce the 
size of biomass chops/chips (Jackson 2016). However, the biomass must be dried to reduce the 
high moisture content and meet the desired moisture content of conversion technology (Hess et 
al. 2009; Jackson 2016). The equipment for drying in the multiple-feedstock supply chain system 
is the same as that in the single-feedstock system, including wheel loader, wood hog, airvey 
system to dryer feed, dryer, pre-conversion storage bin, dry material screener, milled material 
conveying system, and explosion detection system. The preprocessing cost is the sum of capital 
and operation cost. The capital cost includes the land cost, office building construction cost, 
purchase of machines/equipment, and equipment installation cost. The operation cost is 
comprised of the heating energy cost of drying biomass, interest, property tax, electricity, 
personnel cost, service and maintenance, and other variable cost (Mani et al. 2006; Jackson 
2016). The parameters of the preprocessing operation is listed in Table 4.2.2.36. 
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4.3   Sensitivity Analysis 
In order to evaluate the effects of input variables on annualized supply chain cost, a one-
way sensitivity analysis is conducted, i.e., modifying only one input variable at a time and 
leaving other inputs at their base value. Selected input variable is evaluated by a range of values 
containing: 1) base value, 2) upper bound, and 3) lower bound.  
4.3.1 Sensitivity Analysis of Single-Feedstock Supply Chain System 
The input variables analyzed for sensitivity analysis in the single-feedstock supply chain 
include switchgrass yield, discount rate, diesel fuel price, rectangular baler throughput, economy 
of scale factor, biofuel production capacity, real interest rate, and storage dry matter losses. Table 
4.3.1.1 presents the range of value for selected factor in the sensitivity analysis.  
4.3.1.1 Switchgrass Yield  
In order to evaluate the sensitivity of the supply chain cost to switchgrass yield, the 
supply chain cost is calculated under switchgrass yield of 18.55, 19.74, and 15.54 dry Mg per ha, 
corresponding to the base value, upper bound, and lower bound, respectively (Perlack et al. 
2011). The switchgrass yield data is collected from Perlack et al. (2011) and adjusted to the 
hexagon level (i.e., the Tennessee State region is disaggregated into five-square-mile hexagons 
and the yield is adjusted to each hexagon) in Tennessee State. The upper and lower bound of 
switchgrass yield is the maximum and minimum level of biomass yield in the data source.  
4.3.1.2 Discount Rate  
Discount rate determines the present value of future cash flows and the annualized cost 
through the stand life year. In addition, the discount rate is also the producer’s opportunity cost 
of investing diesel production, representing the net return a producer would receive from an 
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alternative investment (Boyer et al. 2015). Boyer et al. (2015) suggest the discount rate is equal 
to the risk-free interest rate plus the risk premium. Risk-free interest rate is the rate of return on 
an investment with zero risks (e.g., Ten-year U.S. Treasury bond). Risk premium is the minimum 
amount of money by which the expected return on a risky asset must exceed the return on a risk-
free asset. In this study, the sum of the risk-free rate and the risk premium is adapted to find the 
input value (base value, upper bound value, and lower bound value) of the discount rate. From 
the data source of Federal Reserve Bank of St. Louis (2016) and the S&P Dow Jones Indices 
(2016), we assume the base value of discount rate is 6.89 percent. When considering the discount 
rate range for the sensitivity analysis, we keep the risk-free rate as a constant value and assume 
that the upper bound of risk premium is one standard deviation from the risk premium mean, and 
the lower bound of risk premium is equal to zero. Therefore, the upper bound and lower bound 
of discount rate are 34.49 percent and 2.92 percent, respectively (S&P Dow Jones Indices 2016; 
Federal Reserve Bank of St. Louis 2016). The risk-free discount rate and the risk premium data 
is listed in Table 4.3.1.2 and Table 4.3.1.3.  
4.3.1.3 Diesel Fuel Price  
Diesel fuel price affects the machinery operating cost in each stage of the supply chain 
system, including the machinery cost for establishment, maintenance, harvest, transportation, etc. 
Diesel fuel price data is collected from U.S. Energy Information Administration for last ten years 
and the price is adjusted to the year 2015 dollars with the farm paid fuel price index (U.S. Energy 
Information Administration 2015; U.S. Department of Agriculture 2016). The base value, upper 
bound, and lower bound value of diesel fuel price is the average, maximum, and minimum of the 
adjusted price from the last ten years, respectively. Accordingly, the base value, upper bound, 
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and lower bound for the diesel fuel price is $1.19 per liter, $1.72 per liter, and $0.62 per liter 
(U.S. Energy Information Administration 2015; U.S. Department of Agriculture 2016). The 
adjusted diesel fuel price in the last ten years is listed in Table 4.3.1.4.  
4.3.1.4 Throughput of Rectangular Baler  
The Throughput of large rectangular baler impacts the harvest efficiency of switchgrass 
in the harvest operation, thus, affecting the harvest cost. The upper bound value of rectangular 
baler throughput is the same as the base value, which is 30.75 dry Mg per hour (Jackson 2015). 
The lower bound of baler throughput is 12 dry Mg per hour (Larson et al. 2010). 
4.3.1.5 Economy of Scale Factor 
The preprocessing cost includes capital and operating costs. The capital cost of land, 
building, and equipment/machine is collected from the industry with the biomass production 
capacity of 100,000 dry Mg (Jackson 2016). However, totally 623,131 dry Mg of biomass is 
demanded each year by the biorefinery in both single- and multiple-feedstock supply chain 
systems in this study. Therefore, the capital cost of the desired biomass production capacity is 
needed. All capital cost components follow the economy of scale, i.e., expansion of unit size will 
reduce the capital cost (dollar per unit), non-proportional to the actual size of expansion (Krokida, 
Maroulis, and Kremalis 2008). The following cost versus capacity relationship is used when the 
specific equipment/facility cost for a particular capacity is not available.  
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where 1C  and 2C  are the capacity of equipment/facility 1 and 2, respectively; 1eqC   and 2eqC  are 
the cost of equipment/facility 1 and 2, respectively; g is the economy of scale factor.  
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Changes of the economy of scale factor affect the preprocessing capital cost in our study, 
and consequently impact the total supply chain cost. The base value of the economy of scale 
factor is 0.6, and the upper and lower bound value is 0.8 and 0.4, respectively (Mani et al. 2006).  
4.3.1.6 Biofuel Production Capacity 
The change of biofuel production capacity affects the total amount of switchgrass 
demanded by the biorefinery, thus, it will change the capital cost (e.g., building cost, machinery 
cost, etc.) in the preprocessing operation because of the economies of scale. In addition, the 
biofuel production capacity also impacts the hectare of switchgrass land for plantation, and 
therefore impacts the distance from switchgrass field to the biorefinery, which will in turn impact 
the transportation cost. In this section, we assume the economy of scale factor in the 
preprocessing operation is 0.6. The base value of biofuel production capacity is 189 million liters, 
and the average distance from the field to the biorefinery is 32.19 km. The upper bound of 
biofuel production capacity is 283.5 million liters, with the average distance from the field to the 
biorefinery of 45.51 km. Because the biofuel production increases by 50%, therefore, the amount 
of biomass supplied and hectares of the switchgrass land will increase by 50%. Since we assume 
a circle-shaped area, the hectare of the switchgrass land (i.e., Pi times radius squared) for 283.5 
million liter-biofuel production capacity is twice as large as the hectare of the switchgrass land 
for 189 million liter-biofuel production capacity. Therefore, the average radius of 283.5 million 
liter-biofuel production capacity is 45.51 km. Similarly, the average distance from field to the 
biorefinery of 75.6 million liters is 22.98 km.   
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4.3.1.7 Real Interest Rate 
Real interest rate, an interest rate that has been adjusted to removing the effects of 
inflation, is approximately defined as the nominal interest rate minus the inflation rate. The real 
interest is a vital factor for the machinery capital cost because the real interest rate is applied to 
determine the capital recovery cost of machine. The reason we use real interest rate to estimate 
the machinery capital recovery cost is that the more than one-year machinery useful life requires 
the inflation-adjusted interest rate to reflect the real cost of machine. The real interest rate data is 
obtained with the formula of nominal interest rate minus inflation rate. The nominal interest rate 
is collected in the last ten years from the Federal Reserve Bank of Kansas City (2010), and the 
base value, upper bound, and lower bound value of nominal interest rate is assumed to be the 
average, maximum, and minimum nominal interest rate in the ten years’ data, respectively. By 
adjusting the inflation, the base value of real interest rate is 5.27 percent, and the lower and upper 
bound of the real interest rate is 3.50 percent and 8.30 percent, respectively (Federal Reserve 
Bank of Kansas City 2010). 
4.3.1.8 Storage Dry Matter Losses 
Storage losses increase the amount of biomass prepared for the diesel production and thus 
raise the establishment, maintenance, harvest, and storage cost (Larson et al. 2010). The dry 
matter losses increase at a decreasing rate with time in storage, thus, the dry matter losses differ 
among the storage period. In this study, the shortest storage period is one month and the longest 
storage period is eleven months, therefore, the storage losses are calculated based on one-month 
to eleven-month storage period with the Mitscherlich-Baule model. The upper bound of the 
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storage dry matter losses is assumed to be the average dry matter losses in the eleven months, 
which is 12.37%. The lower bound of dry matter losses is assumed to be zero.  
4.3.2 Sensitivity Analysis of Multiple-Feedstock Supply Chain System 
For the multiple-feedstock supply chain system, the input variables for sensitivity 
analysis include: biomass yield (i.e., the yield of switchgrass, hybrid poplar, and biomass 
sorghum), discount rate, diesel fuel price, throughput of the forage harvester for switchgrass, 
hybrid poplar, and biomass sorghum, economy of scale factor, biofuel production capacity, real 
interest rate, and conversion rate of hybrid poplar. The values of evaluated factors are 
summarized in Table 4.3.2.1. For these input variables, the range of discount rate, diesel fuel 
price, economy of scale factor, biofuel production capacity, and real interest rate are assumed to 
be same as that in the single-feedstock supply chain system. And the range of biomass yield, 
throughput of forage harvester, and conversion rate of hybrid poplar are explained in detailed in 
following paragraphs. 
4.3.2.1 Yield of Biomass 
In the multiple-feedstock supply chain system, sensitivity analysis is applied to the yield 
of switchgrass, hybrid poplar, and biomass sorghum separately. The base value is 18.55 dry Mg 
per ha per year, 34.65 dry Mg per ha per every three years, and 17.64 dry Mg per ha per year for 
the three biomass types, respectively (Walsh et al. 2003; Larson et al. 2010; Perlack et al. 2011; 
Jackson 2015). As for the upper bound value, the biomass yield is 19.74 dry Mg per ha per year, 
41.99 dry Mg per ha per every three years, and 21 dry Mg per ha per year for the respective 
biomass types. The upper bound value of switchgrass and biomass sorghum yield is from Perlack 
et al. (2011), which is the maximum yield of the respective biomass in the Tennessee State in all 
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the counties. The upper bound value of hybrid poplar yield comes from personal communication 
with Jackson (2015). The lower bound yield value is 15.54 dry Mg per ha per year, 28.36 dry Mg 
per ha per every three years, and 14.82 dry Mg per ha per year for switchgrass, hybrid poplar, 
and biomass sorghum, respectively (Walsh et al. 2003; Larson et al. 2010; Perlack et al. 2011; 
Jackson 2015). The lower bound value data of the biomass types are collected from Perlack et al. 
(2011). The yields of switchgrass and hybrid poplar have been adjusted for the pastureland, 
which is 85% of the yield of biomass established on the cropland.  
4.3.2.2 Throughput of Forage Harvester 
Throughput of forage harvester impacts the harvest efficiency for each of the biomass, 
thus impacting the harvest cost in the whole system. The base value of forage harvester 
throughput for switchgrass, hybrid poplar, and biomass sorghum is 50, 16, 40 dry Mg per hour, 
respectively (Jackson 2015). For switchgrass, the throughput range is 20 to 74 dry Mg per hour 
(Buckmaster 2006; Larson et al. 2010); the range for hybrid poplar is 4.5 and 35 dry Mg per hour 
(Spinelli, Nati, and Magagnotti 2009); and for biomass sorghum, the range is 20 and 44.1 dry Mg 
per hour (Buckmaster and Hilton 2005; Larson et al. 2010).  
4.3.2.3 Conversion Rate of Hybrid Poplar 
The harvest season of hybrid poplar is from March to August; therefore, the ash content 
is high during this period because of the large amount of hybrid poplar leaves on the trees. The 
high ash content will lower the conversion rate of hybrid poplar. In order to estimate how the 
decreased conversion rate of hybrid poplar impact the relative cost between the single- and 
multiple-feedstock supply chain systems, sensitivity analysis is applied to the conversion rate of 
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hybrid poplar. The base value is 303.31 liters per dry Mg (Wright et al. 2010), while the lower 
bound value is assumed to be 25 percent lower than the base value (227.48 liters per dry Mg). 
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CHAPTER V: RESULTS AND DISCUSSION 
5.1   Enterprise Budgeting 
5.1.1 Single-Feedstock Supply Chain Cost 
Table 5.1.1.1 summarizes the operation and logistic costs from the field to the biorefinery 
in the single-feedstock supply chain system. The quantity demand of switchgrass is 623,131 Mg 
annually. Operation costs prior feedstock transportation cost (i.e., feedstock establishment, 
maintenance, harvest, and storage cost) are adjusted based on dry matter losses during storage. 
The opportunity cost of land use change for switchgrass production is the average cash rent of 
the pastureland in the 11 counties, which is $3.69 per dry Mg ($0.012 per liter). For switchgrass, 
the annualized establishment cost is $7.22 per dry Mg ($0.024 per liter) for each period of the 
10-year planning horizon. Furthermore, the annualized maintenance cost is $8.72 per dry Mg 
($0.029 per liter), including the cost of fertilizer, herbicides, labor, and machines, as well as the 
operating interest cost. Switchgrass is harvested from November to February with 338.34 harvest 
hours in the harvest season. The single-feedstock system is harvested with the conventional hay 
method, which includes the machines of mower, rectangular baler, front-end loader, and tractor. 
The annualized harvest cost is $33.48 per dry Mg ($0.110 per liter), accounting for 36.79% of 
the logistics cost. Switchgrass storage cost considers the cost of gravel ($2.38 per dry Mg) and 
tarp ($6.84 per dry Mg), and the labor cost in this operation, total $11.42 per dry Mg ($0.038 per 
liter) after considering dry matter losses. The transportation cost in the single-feedstock system 
includes two parts: 1) transporting switchgrass from the field to the biorefinery, and 2) loading 
switchgrass to the flatbed trailer and unloading switchgrass from the flatbed trailer. The 
annualized transportation cost is $12.06 per dry Mg ($0.040 per liter). The annualized 
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preprocessing cost is $14.40 per dry Mg ($0.047 per liter), which includes the handling and 
drying cost ($11.61 per dry Mg) and the size reduction cost ($2.79 per dry Mg). The heat energy 
cost for drying switchgrass is an important component in the drying and handling cost. The 
moisture content of rectangular switchgrass bale is 18% while the desired moisture content for 
fast pyrolysis technology is 12%, meaning 6% of water needed to be extracted from switchgrass. 
Therefore, for one Mg of switchgrass, 59.87 kg of water are required to be extracted from this 
biomass. To evaporate one kilogram of water, 3307 Btu of energy is needed. Given energy usage, 
quantity of biomass, and the price of energy (natural gas in this research), the heat energy cost 
for drying switchgrass is $2.05 per dry Mg.  
The total supply chain cost from the biomass field to the plant-gate is $90.99 per dry Mg 
($0.300 per liter). The breakdown of total supply chain cost by component in Table 5.1.1.1 
shows that harvest cost dominated among all the cost components, accounted for 36.79% ($33.48 
per Mg) of the total supply chain cost, followed by preprocessing cost (15.82%).  
5.1.2 Multiple-Feedstock Supply Chain Cost 
Multiple-feedstock supply chain system consists of the feedstocks of switchgrass, hybrid 
poplar, and biomass sorghum. The quantity demand for each biomass is 207,707 dry Mg, 
311,564 dry Mg, and 103,855 dry Mg, respectively, based on three major assumptions. The 
assumptions are (1) 189 million liters of biofuel production capacity; (2) 303.31 liters per dry Mg 
of conversion rate, (3) and the harvest season of each biomass which is November to February 
for switchgrass, March to August for hybrid poplar, and September to October for biomass 
sorghum. The annualized operation and logistic cost of this system equals to the weighted 
average annualized operation and logistic cost of switchgrass, hybrid poplar, and biomass 
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sorghum. Table 5.1.2.1 summarizes the operation cost and supply chain cost of switchgrass, 
hybrid poplar, and biomass sorghum.  
For switchgrass, the annualized opportunity cost of land use is $3.69 per dry Mg ($0.012 
per liter). The annualized establishment cost is $6.76 per dry Mg ($0.022 per liter) including 
material (seeds, fertilizer, and herbicide), machinery, labor, and operating interest cost. The 
maintenance operation starts from year zero and ends at year nine, with the annualized 
maintenance cost is $7.55 per dry Mg ($0.025 per liter). Switchgrass is harvested with chopping 
system by the machine of forage harvester, rotary header, tip-wagon, and tractor. The annualized 
harvest cost of switchgrass is $6.86 per dry Mg ($0.023 per liter). Switchgrass is transported to 
the biorefinery with the walking floor trailer with an annualized transportation cost of $16.97 per 
dry Mg ($0.056 per liter). The annualized preprocessing cost is $8.70 per dry Mg ($0.029 per 
liter), including the operating cost of $5.03 per dry Mg and the capital cost of $3.67 per dry Mg. 
The annualized supply chain cost of the switchgrass system is $50.53 per dry Mg ($0.167 per 
liter).       
Hybrid poplar is established on three fields (Field 1, Field 2, and Field 3), and the 
quantity of hybrid poplar provided by each field is 311,564 dry Mg per year to meet the yearly 
demand of biorefinery. The operation and supply chain cost of hybrid poplar system is the 
average cost in each of the three fields. Hybrid poplar field is converted from pastureland; 
therefore, the annualized opportunity cost of land use of each field is $5.36 per dry Mg, $5.65 
per dry Mg, and $6.16 per dry Mg, respectively. The annualized opportunity cost of land use for 
hybrid poplar system is $5.72 per dry Mg ($0.019 per liter). The annualized establishment cost 
for the hybrid poplar planted on each of the fields is $19.53 per dry Mg, $20.56 per dry Mg, and 
 52 
 
$22.42 per dry Mg, respectively. The annualized establishment cost of the hybrid poplar system, 
$20.84 per dry Mg ($0.069 per liter), is the average establishment cost of the hybrid poplar on 
the three fields. The maintenance cost of hybrid poplar on the three fields is $15.38 per dry Mg, 
$16.19 per dry Mg, and $17.65 per dry Mg, respectively. Therefore, the annualized maintenance 
cost for the system is $16.40 per dry Mg ($0.054 per liter). Hybrid poplar is harvested with the 
forage harvester, coppice header, tip-wagon, and tractor from March to August, and the total 
harvest hours for hybrid poplar are 641.22 hours. The harvest cost for the three fields is $19.87 
per dry Mg, $20.92 per dry Mg, and $26.41 per dry Mg, respectively. Thus, the annualized 
harvest cost for the system is $22.40 per dry Mg ($0.074 per liter). Hybrid poplar is unloaded 
with the machine of tip-wagon, and then transported to the biorefinery by walking floor trailer. 
The annualized transportation cost of the biomass on the three fields is $4.06 per dry Mg, $3.80 
per dry Mg, and $3.55 per dry Mg, respectively. Therefore, the annualized transportation cost for 
the hybrid poplar system is $3.80 per dry Mg ($0.013 per liter). The annualized preprocessing 
cost of hybrid poplar is $30.28 per dry Mg ($0.100 per liter), comprising the operating cost of 
$26.62 per dry Mg ($0.088 per liter) and capital cost of $3.67 per dry Mg ($0.012 per liter). The 
high operating cost mainly comes from the heat energy cost for drying the hybrid poplar to the 
desired moisture content of 12% from 50%. Therefore, 38% of water is required to be evaporated 
from the hybrid poplar, that is, 380.11 kg of water are needed to be evaporated from one Mg of 
hybrid poplar. With the data of total energy usage and the price of the natural gas, the heat 
energy cost of drying hybrid poplar is $20.90 per dry Mg. In summary, the annualized supply 
chain cost in the hybrid poplar system is $99.45 per dry Mg ($0.328 per liter).  
 53 
 
For biomass sorghum, since it is an annual crop, the annualized logistic cost is equal to 
the total logistic cost. The opportunity cost of land use for biomass sorghum, $9.40 per dry Mg 
($0.031 per liter), is the average cash rent of the cropland in the 11 counties. The annualized 
establishment cost is $20.65 per dry Mg ($0.068 per liter) consisting of the assumed fertilizer, 
herbicide, and machinery cost. The maintenance cost is $13.16 per dry Mg ($0.043 per liter) with 
the assumed fertilizer and herbicide. Biomass sorghum is harvested with the forage harvester, 
non-row sensitive header, tip-wagon, and tractor with the annualized harvest cost of $9.57 per 
dry Mg ($0.032 per liter). Walking floor trailer, semi-truck, tip-wagon, and tractors are the 
machines for transporting biomass sorghum to the biorefinery. The annualized transportation 
cost is $10.54 per dry Mg ($0.035 per liter). The annualized preprocessing cost is $39.15 per dry 
Mg ($0.129 per liter), with the operating cost of $35.48 per dry Mg ($0.117 per liter) and capital 
cost of $3.67 per dry Mg ($0.012 per liter). The high operating cost mainly comes from the heat 
energy cost for drying biomass sorghum from the moisture content of 60% to the desired 
moisture content of 12%. Therefore, 48% of water needs to be evaporated from the biomass 
sorghum, that is, 479.91 kg of water are required to be evaporated from one Mg of biomass 
sorghum. With the consideration of total energy usage and the price of the nature gas, the heat 
energy cost of drying biomass sorghum is $31.48 per dry Mg. The annualized supply chain cost 
in the biomass sorghum system is $102.48 per dry Mg ($0.338 per liter).  
By taking weighted average of annualized cost components for the biomass crops, the 
opportunity cost of land use, establishment, maintenance, harvest, transportation, and 
preprocessing cost for multiple-feedstock supply chain system are $5.66 per dry Mg ($0.019 per 
liter), $16.11 per dry Mg ($0.053 per liter), $12.91 per dry Mg ($0.043 per liter), $15.08 per dry 
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Mg ($0.050 per liter), $9.32 per dry Mg ($0.031 per liter), and $24.57 per dry Mg ($0.081 per 
liter), respectively (see Table 5.1.2.2). Thus, the total supply chain cost is $83.65 per dry Mg 
($0.276 per liter). In summary, the preprocessing cost (drying and handling cost) and 
establishment cost contributes a major portion of total supply chain cost, accounting for 29.37% 
and 19.26% of total supply chain cost, respectively.  
5.1.3 Comparison of Single- and Multiple-Feedstock Supply Chain System 
Figure 5.1.3.1 and Figure 5.1.3.2 compare the logistic cost between the single- and 
multiple-feedstock supply chain systems. The storage and size reduction costs are zero in the 
multiple-feedstock system, whereas in the single-feedstock system the costs are $11.42 per dry 
Mg ($0.038 per liter) and $2.79 per dry Mg ($0.009 per liter), respectively. In the multiple-
feedstock supply chain system, feedstocks are harvested in each month through the year; 
therefore, there is no storage cost in this system. Additionally, unlike the single-feedstock system, 
there is no cost to reduce the size of the biomass chips/chops harvested by forage harvester in the 
multiple-feedstock system (Jackson 2016).  
Among the operation costs, transportation and harvest costs are lower in the multiple-
feedstock system compared to the single-feedstock system. There are two possible explanations 
for the lower harvest cost in the multiple-feedstock system. First, in the multiple-feedstock 
system, the machine throughput is higher than the single-feedstock system. In the multiple-
feedstock system, the machine throughput of forage harvester and tip-wagon is the same, which 
is 50, 16, and 40 dry Mg per hour for switchgrass, hybrid poplar, and biomass sorghum, 
respectively. In the single-feedstock system, the machine throughput for rectangular baler is 
comparatively high, which is 30.75 dry Mg per hours, however, for mower and loader, the 
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machine throughput is only 0.94 hour per ha and 8 dry Mg per hour, respectively. Additionally, 
in the multiple-feedstock supply chain system, there is no overlap of the harvest season among 
the three types of biomass. Therefore, identified harvest machines, including forage harvester, 
tip-wagon, and tractor, can be used to harvest the three biomass crops through the year, which 
has the potential to reduce the capital recovery cost (i.e., the amount of money required each year 
to recover the difference between the purchase price and salvage value) of machinery investment. 
Thus reducing the machinery cost in the harvest operation. For example, by utilizing the same 
forage harvester and semi-truck to the three types of biomass, the machine cost per hour 
decreased by $41.72 per hour, $13.89 per hour, and $82.07 per hour for switchgrass, hybrid 
poplar, and biomass sorghum, respectively, as compared with the machine costs without sharing 
by the three biomass types.  
The transportation cost in the multiple-feedstock system ($9.32 per dry Mg) might be 
lower than the transportation cost of the single-feedstock system ($12.06 per dry Mg) because of 
the low transportation cost of hybrid poplar ($3.80 per dry Mg) in the multiple-feedstock system.  
In the hybrid poplar system, for each of the three fields, this biomass is harvested and transported 
in every three years. Therefore, over 15 years, the annualized cost will be low. In addition, 
hybrid poplar provides half of the feedstock in the multiple-feedstock system; therefore, the 
transportation cost in the multiple-feedstock system is comparatively low. 
The opportunity cost of land use, establishment cost, and preprocessing cost are higher 
for the multiple-feedstock supply chain system as compared with the single-feedstock system. 
Opportunity cost of land use in the multiple-feedstock supply chain system is $1.97 per dry Mg 
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($0.006 per liter) higher than that in the single-feedstock system. A possible explanation may be 
the high opportunity cost of land use for biomass sorghum ($9.40 per dry Mg).  
The establishment cost in the multiple-feedstock system ($16.11 per dry Mg) is 2.23 
times higher than the cost of the single-feedstock supply chain system ($7.22 per dry Mg). In the 
multiple-feedstock system, the establishment costs of hybrid poplar and biomass sorghum are 
$20.84 per dry Mg ($0.069 per liter) and $20.65 per dry Mg ($0.068 per liter), respectively. For 
hybrid poplar, the high establishment cost mainly comes from the high tree-cutting cost ($1407.9 
per ha), which is higher than the seeding cost of switchgrass in the single-feedstock system 
($326.04 per ha). In addition, for biomass sorghum, as an annual crop, reseeding for biomass 
sorghum is necessary each year; therefore, the establishment cost of biomass sorghum would 
incur each year.  
Comparing to the single-feedstock system, the higher preprocessing cost for the multiple-
feedstock system is due to the drying and handling cost, which is $12.96 per dry Mg ($0.043 per 
liter) higher than the drying and handling cost in the single-feedstock system ($11.61 per dry 
Mg). The higher drying and handling cost in the multiple-system results from the higher 
moisture content of biomass sorghum (50%) and hybrid poplar (60%) than switchgrass baler 
(18%) in the single-system. The high moisture content of biomass crops results in higher heating 
energy cost for hybrid poplar ($20.90 per dry Mg) and biomass sorghum ($31.48 per dry Mg) in 
the multiple-feedstock system, compared to the cost of switchgrass in the multiple-feedstock 
system ($2.05 per dry Mg). 
Overall, the single-feedstock supply chain system shows a cost advantage in opportunity 
cost of land use, establishment cost, maintenance cost, and preprocessing cost. However, the cost 
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saving in harvest, storage, transportation, and size reduction operation in multiple-feedstock 
system offsets its disadvantage in other operation costs relative to the single-feedstock system 
(see Figure 5.1.3.2). Therefore, the multiple-feedstock supply chain cost is lower than the single-
feedstock supply chain cost.  
5.2   Sensitivity Analysis of Feedstock Supply Chain Cost to Input Factors 
The sensitivity analysis output of feedstock supply chain cost based on the base value, upper 
bound value, and lower bound value of input factors is summarized in Table 5.2.1 and Table 
5.2.2. The Tornado diagram of single- and multiple-feedstock system is presented in Figure 5.2.1 
and Figure 5.2.2 to highlight the key input factors to the feedstock cost in each system. 
5.2.1 Switchgrass Yield 
In the single-feedstock system, increasing switchgrass yield from 18.55 dry Mg per ha to 
19.74 dry Mg per ha decreases the supply chain cost from $90.99 per dry Mg to $89.28 per dry 
Mg. However, decreasing switchgrass yield from 18.55 dry Mg per ha to 15.54 dry Mg per ha 
can raise the cost to $96.35 per dry Mg. 
In the multiple-feedstock system, increasing switchgrass yield from 18.55 dry Mg per ha 
to 19.74 dry Mg per ha decreases the supply chain cost from $83.65 per dry Mg to $83.28 per 
dry Mg, while decreasing switchgrass yield from 18.55 dry Mg per ha to 15.54 dry Mg per ha 
would raise the cost of to $84.81 per dry Mg.  
The results indicate that the single-feedstock system is more sensitive to switchgrass 
yield than the multiple-feedstock system. In the single-feedstock supply chain system, 
switchgrass is the only feedstock in the system, however, in the multiple-feedstock supply chain 
system, switchgrass only provides one-third of the feedstock. Therefore, considering the impacts 
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of hybrid poplar yield and biomass sorghum yield on the multiple-feedstock supply chain cost, 
the multiple-feedstock system will be comparatively less sensitive to the switchgrass yield.  
5.2.2 Hybrid Poplar Yield 
The multiple-feedstock supply chain cost is sensitive to hybrid poplar yield since the 
feedstock provides half of the feedstock to the biorefinery. Increasing hybrid poplar yield to 
41.99 dry Mg per ha per every three years leads to a lower logistic cost of $79.89 per dry Mg, 
while decreasing the yield to 28.36 dry Mg per ha per every three years induces higher cost of 
$88.43 per dry Mg.  
5.2.3 Biomass Sorghum Yield 
Within the explored yield range changes of -15.97 % and 19.05% of baseline value, the 
sensitivity analysis shows the logistic cost changes by 1.64% and -1.38% of baseline value. 
Therefore, the multiple-feedstock supply chain system is less sensitive to the biomass sorghum 
yield. This is mainly because the biomass sorghum only provides one-sixth of feedstock to the 
biorefinery.   
5.2.4 Discount Rate  
In the single-feedstock system, with the discount rate increasing from 6.89% to 34.49%, 
the logistic cost dramatically rises to $114.99 per dry Mg, which is 26.38% higher than the 
baseline supply chain cost. As the discount rate decreases to 2.92%, the logistic cost decreases to 
$88.49 per dry Mg and the magnitude of the cost is 2.75% lower than the baseline supply chain 
cost.  
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In the multi-feedstock system, when the discount rate increases from 6.89% to 34.49%, 
feedstock logistic cost significantly rises to $154.16 per dry Mg, which is 84.29% higher than the 
baseline supply chain cost. As the discount rate decreasing to 2.92%, the logistic cost lowers to 
$76.88 per dry Mg; and the magnitudes of the cost is 8.09% lower than the baseline supply chain 
cost.  
Results suggest that the multiple-feedstock supply chain system is more sensitive to 
discount rate than the single-feedstock system. This is because the annualized supply chain cost 
is determined by the present value cost and the present value annuity factor (A(t,r)). And the 
present value annuity factor (A(t,r)) is determined as below: 
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where r is the discount rate, t is the stand life year of biomass in this study.  
The stand life year intensify the present annuity factor in an exponent manner. Therefore, 
the longer the stand life, the large would be the impact on the present annuity factor according to 
the discount rate change. The stand life of hybrid poplar is five years longer than the stand life of 
switchgrass. In addition, hybrid poplar accounts for 50 percent of feedstock for biofuel 
production in the multiple-feedstock system. Thus, the multiple-feedstock system is more 
sensitive to the discount rate.  
5.2.5 Diesel Fuel Price 
In the single-feedstock system, when diesel fuel price increases from $1.19 per liter to 
$1.72 per liter, the supply chain cost increases by 10.23%. When diesel fuel price decreases from 
$1.19 per liter to $0.62 per liter, the supply chain cost decreases by 11.21%. 
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In the multiple-feedstock system, increasing the diesel fuel price increases from $1.19 per 
liter to $1.72 per liter would increase the supply chain cost by 6.01% and decreasing the diesel 
fuel price $1.19 per liter to $0.62 per liter would decrease the supply chain cost decreases by 
6.58%.  
Results suggest that the single-feedstock is more sensitive to diesel fuel price as 
compared to the multiple-feedstock system, which is attributed to the impact of diesel price on 
machinery operating cost in harvest and transportation operations (i.e., machinery operating cost 
is consisted of diesel fuel cost, lubrication cost, and repair and maintenance cost). In the single-
system, the harvest and transportation costs are 50.04% of the total supply chain cost, but in the 
multiple-system, the harvest and transportation cost are only 29.16% of the total supply chain 
cost. Therefore, the change of the diesel fuel price will have more significant effects on the 
single-feedstock supply chain cost than the multiple-feedstock supply chain cost.  
5.2.6 Throughput of Harvest Machine 
In the single-feedstock supply chain system, decreasing rectangular baler throughput by 
60.98% leads to logistic cost increases by 9.77% (i.e., from $90.99 per dry Mg to $99.88 per dry 
Mg).  
In the multiple-feedstock supply chain system, the logistic cost is reduced by 8.33% 
($76.68 per dry Mg) with respect to the assumed improvement of forage harvester throughput, 
while the logistic cost increases by 40.22% ($117.29 per dry Mg) in the lower bound of forage 
harvester throughput.  
The multiple-feedstock supply chain system is more sensitive to the harvest machine 
throughput because the range of forage harvester throughput for hybrid poplar is high in the 
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multiple-feedstock system, and hybrid poplar provides half of the feedstock in this system. The 
upper bound value of forage harvester throughput for hybrid poplar is 118.75% higher than the 
base value, and the lower bound value is 71.88% lower than the base value. However, the lower 
bound of baler throughput in the single-system is only 60.98% lower than the base value.  
5.2.7 Economy of Scale Factor 
In the single-feedstock system, with the economy of scale factors of 0.8 and 0.4, the 
single-feedstock supply chain cost is $95.81 per dry Mg and $87.89 per dry Mg, respectively. 
The multiple-feedstock supply chain cost is $86.60 per dry Mg and $81.75 per dry Mg, 
respectively with the same economy of scale factors.  
These results indicate the single-feedstock system is more sensitive to the economy of 
scale factor than the multiple-feedstock system. In this study, the economy of scale factor is 
applied to the preprocessing operation, and the preprocessing cost consists of capital and 
operating cost. Therefore, the economy of scale factor impacts the capital cost including the cost 
of equipment, equipment installation, and the office and building. In addition, the economy of 
scale factor also affects the operating cost, which includes interest cost, property taxes, service 
and maintenance cost, and other variable cost. In the single-feedstock system, these costs account 
for a higher percentage of the total supply chain cost than that of the multiple-feedstock system. 
This is because, in the multiple-feedstock system, the preprocessing cost is dominated by the 
heating energy cost of hybrid poplar and biomass sorghum, which are not affected by the 
economy of scale factor. Therefore, the change of economy of scale factor will have a more 
obvious impact on the single-feedstock system than the multiple-feedstock system.  
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5.2.8 Biofuel Production Capacity 
The single-feedstock supply chain cost for the baseline case with the base value of 189-
million-liter biofuel production is $90.99 per dry Mg. When the biofuel production capacity 
changes to 283.5 and 75.6 million liters, the single-feedstock supply chain cost is $91.64 per dry 
Mg and $94.85 per dry Mg, respectively.  
In the multiple-feedstock system, the supply chain cost for the baseline case with the base 
value of 189-million-liter biofuel production is $85.73 per dry Mg. When the biofuel production 
capacity changes to 283.5 and 75.6 million liters, the multiple-feedstock supply chain cost is 
$85.73 per dry Mg and $84.85 per dry Mg, respectively.  
Therefore, in both single- and multiple-feedstock systems, the supply chain cost is the 
lowest in the base value of biofuel production. That is because, in both of the two systems, 
biofuel production capacity affects transportation and preprocessing costs. When the biofuel 
production capacity increases from 189 to 283.5 million liters, the transportation cost rises but 
the preprocessing cost falls. The increasing transportation cost results from the increasing 
distance from the biomass field to the biorefinery, and the decreasing preprocessing cost can be 
attributed to the economies of scale (i.e., economies of scale is the cost advantage (dollar per unit) 
that arises with increased output of a product). Similarly, if the biofuel production capacity 
decreases from 189 to 75.6 million liters, the transportation cost will decrease and the 
preprocessing cost increases. Therefore, the change of the supply chain cost in both single- and 
multiple-feedstock systems depends on the trade-off between the transportation and 
preprocessing cost. 
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Furthermore, the economies of scale reduce the preprocessing cost (dollar per unit) at a 
decreasing rate. Hence, by increasing the biofuel production capacity from 75.6 to 189 million 
liters, the preprocessing cost savings will be greater than the savings of increasing biofuel 
production capacity from 189 to 283.5 million liters. Therefore, when the biofuel production 
capacity decreases to the lower bound value of 75.6 million liters, the increasing of the 
preprocessing cost is more notable than the decreasing of transportation cost. Thus, the supply 
chain cost in the 75.6 million liter-biofuel production will be higher than that of the base value of 
biofuel-production. On the other hand, when the biofuel production capacity increases to the 
upper bound value of 283.5 million liters, the decreasing preprocessing cost is lower than the 
growing transportation cost. Thus, the supply chain cost in 283.5 million liter-biofuel production 
is higher than that in the 189 million liters. Overall, the supply chain cost is lowest with the 
biofuel production capacity of 189 million liters in both single- and multiple-feedstock systems.   
5.2.9 Real Interest Rate 
In the single-feedstock system, when increasing the real interest rate to 8.30%, the supply 
chain cost reaches to $95.40 per dry Mg. In addition, if real interest rate decreases to 3.50%, the 
logistic cost declines to $88.55 per dry Mg.  
In the multiple-feedstock system, increasing the real interest rate to 8.30%, will increase 
the supply chain cost to $86.06 per dry Mg. Decreasing the real interest rate to 3.50%, will 
decrease to the logistic cost $82.34 per dry Mg.  
Thus, the single-feedstock system is more sensitive to the real interest rate than the 
multiple-feedstock system. Real interest rate affects the capital recovery cost for material or 
machinery capital cost, which thus affects the harvest, storage, and transportation cost in both 
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single- and multiple-feedstock systems. In the single-feedstock supply chain system, the harvest, 
storage, and transportation cost are 62.59% of the total supply chain cost, while these costs items 
are only 29.16% of the multiple-feedstock supply chain cost. Therefore, changing the real 
interest rate will have a larger impact on the single-feedstock system than the multiple-feedstock 
system. 
5.2.10 Conversion Rate of Hybrid Poplar 
In order to test whether harvesting hybrid poplar in March to August with high ash 
content has an impact on the relative cost of the single- and multiple-feedstock supply chain 
systems system, we assume the conversion rate of hybrid poplar to biofuel down by 25%. The 
output of sensitivity analysis in Table 5.2.2 shows the multiple-feedstock supply chain cost is 
$85.17 per dry Mg, which is still $5.82 per dry Mg lower than the single-feedstock supply chain 
cost ($90.99 per dry Mg). Therefore, the multiple-feedstock supply chain system remains a more 
economic system even the yield of hybrid poplar declines by 25%.    
5.2.11 Storage Dry Matter Losses 
 The storage dry matter losses only exits in the single-feedstock supply chain system. 
When the storage dry matter losses increase from 8.94% to 12.37%, the supply chain cost 
increases from $90.99 per dry Mg to $93.37 per dry Mg. When the dry matter losses decrease to 
zero, the supply chain cost decreases to $85.55 per dry Mg, which is still $1.90 per dry Mg 
higher than the multiple-feedstock supply chain cost.   
Overall, we can see that the discount rate is the most important input factor in the single-
feedstock system, followed by diesel fuel price, baler throughput, switchgrass yield, economy of 
scale factor, real interest rate, storage dry matter losses, and biofuel production capacity. In the 
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multiple-feedstock supply chain system, the discount rate is also the most crucial factor, 
followed by throughput of forage harvester, diesel fuel price, hybrid poplar yield, economy of 
scale factor, real interest rate, biofuel production capacity, hybrid poplar conversion rate, 
biomass sorghum yield, and switchgrass yield. In addition, it should be noted that the top three 
factors in the single- and multiple-feedstock systems are identical: the discount rate, diesel fuel 
price, and the throughput of harvest machine, which have significant effects on both systems. 
The results of sensitivity analysis also indicate the single- and multiple-feedstock supply 
chain systems show different sensitivity to the input variables. The single-feedstock system is 
more sensitive to switchgrass yield, diesel fuel price, economy of scale factor, and real interest 
rate; while the multiple-feedstock system is more sensitive to discount rate and harvest machine 
throughput. In the upper bound of discount rate and the lower bound of harvest machine 
throughput, single-feedstock system shows cost advantages over the multiple-feedstock system, 
while in the base value, upper bound value, and lower bound of other input factors, the multiple-
feedstock supply chain cost is lower than the cost in the single-feedstock system (see Table 
5.2.3).  
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CHAPTER VI: CONCLUSIONS 
Biofuel represents a promising candidate for renewable liquid fuels, which has the 
potential to provide clean and independent energy. However, the high plant-gate supply chain 
cost is a barrier for the biofuel expansion and development of biofuel industry. In order to 
successfully increase the biofuel production and develop the biofuel industry, a well-designed 
supply chain system from the biomass field to the plant-gate is important to the economics of 
cellulosic biofuel industry. The single-feedstock supply chain system may have harvest, 
storage, and transportation challenges because of the harvest seasonality and bulk density of 
biomass crops. However, adopting multiple feedstocks with different harvest seasons may 
potentially improve the economics of biomass supply chain. The objectives of this study are 
to 1) determine the cost of feedstock establishment, maintenance, harvest, storage, 
transportation, and preprocessing, as well as the opportunity cost of the land use for feedstock 
in the single- and multiple-feedstock supply chain systems, and 2) evaluate how certain input 
variables (e.g., biomass yield, interest rate, diesel fuel price) impact the supply chain cost and 
the changes in relative cost between the two systems. 
The results from the enterprise budgeting shows, in the single-feedstock supply chain 
system, the feedstock establishment, maintenance, harvest, storage, transportation, 
preprocessing, and opportunity cost of the land use are $7.22 per Mg ($0.024 per liter), $8.72 
per Mg ($0.029 per liter), $33.48 per Mg ($0.110 per liter), $11.42 per Mg ($0.038 per liter), 
$12.06 per Mg ($0.040 per liter), $14.40 per Mg ($0.047 per liter), and $3.69 per Mg ($0.012 
per liter), respectively. In addition, in the multiple-feedstock system, these costs are $16.11 
per Mg ($0.053 per liter), $12.91 per Mg ($0.043 per liter), $15.08 per Mg ($0.050 per liter), 
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$0 per Mg ($0 per liter), $9.32 per Mg ($0.031 per liter), $24.57 per Mg ($0.081 per liter), 
and $5.66 per Mg ($0.019 per liter), respectively. . The single-feedstock system outperforms 
the multiple-feedstock system in term of opportunity cost of land use, establishment, 
maintenance, and drying and handling cost, while the multiple-feedstock system presents cost 
advantage in the operation of feedstock harvest, storage, transportation, and size reduction. 
Overall, the total supply chain cost of the multiple-feedstock system is $7.34 per dry Mg 
($0.024 per liter) lower than the cost of the single-feedstock system. The difference between 
the single- and multiple-feedstock supply chain systems lies mainly on the harvest method, 
storage operation requirement, and size reduction.   
The results of sensitivity analysis show that discount rate, diesel fuel price, and harvest 
machine throughput are the top three input factors that impact the supply chain cost in both 
single- and multiple-feedstock supply chain systems. The single-feedstock system is more 
sensitive to switchgrass yield, diesel fuel price, economy of scale factor, and real interest rate; 
whereas the multiple-feedstock system is more sensitive to discount rate and harvest machine 
throughput. In the upper bound value of discount rate and the lower bound value of harvest 
machine throughput, single-feedstock system shows cost advantages over the multiple-
feedstock system, whereas the multiple-feedstock system presents cost advantages over the 
single-feedstock system in other factors.    
The findings through enterprise budgeting and sensitivity analysis imply that the 
multiple-feedstock supply chain system shows cost advantage over the single-feedstock 
supply chain system in Tennessee based on the assumptions in this research.  
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A limitation of this study is that dry matter losses in feedstock harvest and 
transportation operation in both single- and multiple-feedstock system are assumed identical 
and negligible; however, these two factors may have an effect on the supply chain cost in the 
two systems. In the future study, it may be necessary to include these two factors in the supply 
chain cost. Also, the conversion rate of each feedstock for a given technology will need to be 
further studied in order to compare the total supply chain cost. 
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The conversion rate from biomass to biofuel: 
In Wright et al. (2010), the conversion rate of corn stover is calculated with the data of 
input biomass and output transportation fuel.  
Input: 2000 Mg of corn stover per day is transported to the biorefinery in 329 days per 
year, therefore, totally 658,000 Mg per year of corn stover is transport to biorefinery per year.  
Output: Every year, 200 million liters of transportation fuel is produced per year.  
Therefore, the conversion rate of corn stover to transportation fuel is equal to 200 million 
liters of fuel divided by 658,000 Mg of biomass, which is 303.31liters per dry Mg.  
The conversion rate is mainly impact by the ash content of biomass (Charles 2016), the 
ash content of corn stover, switchgrass, hybrid poplar, and biomass sorghum is 4.5% (Wright et 
al. 2010), 1.92-3.47% (Boyer et al. 2016), 1.4-6.7% (Espinoza 2016), and 1.9%-6.8% (Rocateli 
et al. 2012; Wolfrum et al. 2013), respectively. Since the ash content of the biomass is similar, 
we assume the conversion rate of all the four types of biomass is the same, which is 303.31liters 
per dry Mg.  
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Distance from the biomass field to the biorefinery: 
The distance from the biomass field to the biorefinery is revised from Yu et al. (2014). In 
Yu et al. (2014), there are three crucial assumptions: the biorefinery capacity is 189 million liters, 
the conversion rate from biomass to biofuel is 287.28 liters per dry Mg, and the yield of 
switchgrass is assumed to be 20.995 dry Mg per ha. Therefore, 31322.264 ha of land is required 
for the switchgrass plantation. The study shows the distance from the biomass field to the 
biorefinery would be around 48.28 km if the switchgrass field is converted from pastureland; and 
the distance would increase to 80.47 km if the switchgrass is converted from cropland. In our 
study, in the single-feedstock supply chain system, 33598.22 ha of pastureland are demanded. In 
the multiple-feedstock system, 33449.696 ha of pastureland, and 5886.153 ha of cropland are 
demanded. According to the ratio of the hectare of land and the distance in Yu et al. (2014), the 
distance of 64.37 km would work in our study, and therefore the average distance from the 
biomass field to the biorefinery is 32.19 km.  
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Table 2.4.1: Comparison of Single- and Multiple-Feedstock Supply Chain System 
 
 Single-Feedstock Multiple-Feedstock 
 Advantage Disadvantage Advantage Disadvantage 
Harvest  Harvest system is 
simple  
Limited harvest window increases 
the equipment and workforce 
requirement a g   
Smooth seasonally 
issue in harvest 
operation e  
Require different harvest 
window for biomass types
e  
   Spreading harvest 
cost on the multiple 
biomass by utilizing 
identical harvest 
machine for biomass
b  
 
Storage  Storage requirement: cost of 
material, equipment, and labor a d  
Low storage 
requirement e  
 Require different harvest 
window for biomass types
e  
  On-farm risk : on-farm fire; 
decrease biomass quality; dry 
matter losses a d  
Reduce storage cost 
e  
 
System Simple f    Complex f  
Technology Simple c    Complex c  
Source: Rentizelas, Tolis and, Tatsiopoulos (2009); An, Wilhelm, and Searcy (2011); Hess et al. (2009); Larson et al. (2015); Zhu and Yao 
(2011); Ebadian et al. (2011); Tembo, Epplin, and Huhnke (2003). 
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Table 4.2.1.1: Cash Rent of Cropland and Pastureland in the Study Area 
 
Counties Cropland a  Pastureland b  
Unit $/acre $/ha $/acre $/ha 
Bedford 61.07 150.84 17.04 42.09 
Cannon 86.10 212.67 N/A N/A 
Coffee 83.10 205.26 30.04 74.20 
Davidson N/A N/A N/A N/A 
DeKalb 45.05 111.27 23.03 56.88 
Maury 75.09 185.47 16.02 39.57 
Rutherford 78.09 192.88 21.02 51.92 
Smith N/A N/A 14.52 35.86 
Warren 85.1 210.20 29.03 71.70 
Willianson 60.07 148.37 29.54 72.96 
Wilson 33.54 82.84 13.02 32.16 
Source: USDA-NASS (2014) 
Note: The cash rent data is in 2015 dollar.
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Table 4.2.1.2: Machinery Cost of Single-Feedstock Supply Chain System 
 
Cost of Item 
 
Mower 
 
Rectangular 
Baler 
Front-End 
Loader 
Flatbed 
Trailer + 
Semi-Truck 
Tractor 
150 H.P 
Tractor 
215 H.P 
Basic parameters       
Purchase Price a  ($) 7,065 95,325 10,165 90,500 159,135 159,135 
Hours of Useful Life b  (hour) 2,000 3,000 1000 22,000 12,000 12,000 
Hours of Use Per Year b  (hour/year) 338 338 338 1,000 666 666 
Fuel Price ($/liter) 1.19 1.19 1.19 1.19 1.19 1.19 
Fuel Use c  (liter/hour) 0.00 0.00 0.00 83.61 24.83 35.61 
Lubrication Factor (%) 0.15 0.15 0.15 0.15 0.15 0.15 
Interest Rate (%) 5.27 5.27 5.27 5.27 5.27 5.27 
Housing % of PP c  (%) 0.75 0.75 0.75 0.75 0.75 0.75 
Tax Rate % of PP c  (%) 1.00 1.00 1.00 1.00 1.00 1.00 
Insurance % of PP c  (%) 0.25 0.25 0.25 0.25 0.25 0.25 
Useful Years (year) 6.00 9.00 3.00 22.00 18.00 10.00 
Salvage Value ($) 2,923 33,926 4,552 13,704 33,315 52,515 
Operating Costs ($/hour) 6.21 27.01 5.50 131.37 40.89 64.44 
Diesel Fuel ($/hour) 0.00 0.00 0.00 99.98 29.70 42.58 
Lubrication Costs ($/hour) 0.00 0.00 0.00 15.00 4.45 6.39 
Repair & Maintenance ($/hour) 6.21 27.01 5.50 16.40 6.74 15.48 
Ownership Costs ($/hour) 3.34 37.09 7.52 8.51 23.91 16.30 
Capital Recovery ($/hour) 2.92 31.45 6.92 6.70 19.13 13.69 
TIH ($/hour) 0.42 5.64 0.60 1.81 4.78 2.61 
Total Machinery Cost ($/hour) 9.55 64.09 13.02 139.88 64.80 80.74 
Source: a  UT Extension (2009), Larson et al. (2010); b Smith et al. (2015); c Agricultural and Applied Economics Association standard (2010).  
Note: All the costs are in 2015 dollar.   
. 
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Table 4.2.1.3: Establishment Budget for the Single-Feedstock Supply Chain System 
 
Item Description Quantity Unit Price Cost 
Total Material Cost ($/ha)    $523.64 
Seed Pure live seed 6.72 kg/ha $48.50/kg $326.04 
Fertilizer     
 P2O5 44.81 kg/ha $0.88/kg $39.52 
 K2O 89.63 kg/ha $0.88/kg $79.04 
Weed Control     
  Fall Burndown Glyphosate 2.34 liter/ha $3.72/liter $8.69 
  Spring Burndown Glyphosate 3.51 liter/ha $3.72/liter $13.04 
  Post-Emerge Broadleaf 
herbicide 
2.35 liter/ha $5.83/liter $13.63 
  Post-Emerge Grass herbicide 0.47 liter/ha $18.68/liter $21.83 
  Post-Emerge Grass herbicide 0.47 liter/ha $18.68/liter $21.83 
     
Total Machinery Cost    $150.25  
Operating Costs     $98.36  
  Diesel Fuel     $49.25  
  Lubrication Costs     $7.39  
  Repair     $41.72  
Ownership Costs     $51.89  
  Capital Recovery     $42.56  
 TIH     $9.31  
     
Operating Interest    $19.49  
Labor Cost     $13.46  
Total Establishment Cost     $706.84  
Annualized Yield (dry 
Mg/ha) 
   15.24  
 
Annualized Cost ($/dry Mg)    $7.22 
Note: All the costs are in 2015 dollar.   
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Table 4.2.1.4: Maintenance Budget for the Single-Feedstock Supply Chain System 
 
Item Description Quantity Price Cost 
Materials Cost ($/ha)    $122.22  
Fertilizer Nitrogen 67.22 kg/ha $1.17/kg $78.55  
Weed Control     
  Post-Emerge Grass 
herbicide 
1.17 liter/ha $18.68/liter $21.83  
  Post-Emerge Grass 
herbicide 
1.17 liter ha $18.68/liter $21.83  
Machinery Cost with Weed 
control ($/ha) 
   $40.80  
Operating Costs    $25.07  
   Diesel Fuel     $12.03  
   Lubrication Costs     $1.80  
   Repair     $11.24  
Ownership Costs     $15.73  
   Capital Recovery     $12.82  
   TIH     $2.91  
Operating Interest    $4.62  
     
Machinery Cost without Weed 
control  ($/ha) 
   $28.50  
Operating Costs     $16.94  
   Diesel Fuel     $7.09  
   Lubrication Costs     $1.06  
   Repair     $8.82  
Ownership Costs     $11.56  
   Capital Recovery     $9.56  
   TIH     $2.00  
Operating Interest    $2.99  
Labor Cost    $3.29  
Annualized Cost ($/dry Mg)    $8.72 
Note: All the costs are in 2015 dollar.   
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Table 4.2.1.5: Harvest Budget of Single-Feedstock Supply Chain System ($/dry Mg) 
 
 Year Diesel 
Fuel 
Lubrication R&M Capital 
Recovery 
TIH Twine Operating 
Interest 
Labor 
Costs 
Total 
Costs 
Annualized 
Cost 
1 $15.54 $2.33 $7.88 $10.46 $2.16 $2.63 $0.89 $5.23 $47.13 $33.48 
2 $10.70 $1.60 $5.77 $6.87 $1.31 $2.63 $0.65 $3.33 $32.87  
3 $8.74 $1.31 $4.92 $5.42 $0.97 $2.63 $0.55 $2.57 $27.12  
4 $8.74 $1.31 $4.92 $5.42 $0.97 $2.63 $0.55 $2.57 $27.12  
5 $8.74 $1.31 $4.92 $5.42 $0.97 $2.63 $0.55 $2.57 $27.12  
6 $8.74 $1.31 $4.92 $5.42 $0.97 $2.63 $0.55 $2.57 $27.12  
7 $8.74 $1.31 $4.92 $5.42 $0.97 $2.63 $0.55 $2.57 $27.12  
8 $8.74 $1.31 $4.92 $5.42 $0.97 $2.63 $0.55 $2.57 $27.12  
9 $8.74 $1.31 $4.92 $5.42 $0.97 $2.63 $0.55 $2.57 $27.12  
10 $8.74 $1.31 $4.92 $5.42 $0.97 $2.63 $0.55 $2.57 $27.12  
Note: All the costs are in 2015 dollar.   
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Table 4.2.1.6: Storage Budget for Single-Feedstock Supply Chain System 
 
Item       Value 
Bales/stack    108 
Dry Mg/stack    55 
Tarp & Tie-down Investment Cost ($/stack)    518 
    Salvage Value ($/stack)    0.00 
    Useful Life (years)    5.00 
    Interest Rate    5.27% 
    Repair & Maintenance    0.50 
    Taxes, Insurance, & Housing ($/year)    0.02 
Tarp & Tie-down Annual Costs     
    Dep & Interest ($/year)    $120.64 
    Taxes, Insurance, & Housing ($/year)    $10.37 
    Repair & Maintenance    $0.50 
     $/stack/year    $131.51 
     $/dry Mg/year    $2.38 
Labor Cost Placing Tarp      
      hours/stack    1.75 
     $/stack/year    $65.17 
     $/dry Mg/year    $1.18 
Gravel Investment Cost $/stack)    $1,442 
    Salvage Value ($/stack)    0.00 
    Useful Life (years)    5.00 
    Interest Rate    5.27% 
    Repair & Maintenance    0.05 
   Taxes, Insurance, & Housing ($/year)    0.02 
Gravel Annual Costs     
Dep & Interest ($/year)       $335.60 
   Taxes, Insurance, & Housing ($/year)    $28.84 
    Repair & Maintenance    $14.42 
     $/stack/year    $378.86 
     $/dry Mg/year       $6.84 
Annualized Storage Cost ($/dry Mg)    $11.42 
Note: All the costs are in 2015 dollar.   
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Table 4.2.1.7: Transportation Budget for Single-Feedstock Supply Chain System ($/dry Mg) 
 
Year Flatbed Trailer + 
Semi-Truck Cost 
Loader 
Cost 
Labor Cost Transportation 
Cost 
Present Vale PVC Annualized Cost 
1 $6.24 $3.58 $2.23 $12.06 $11.28 $85.12 $12.06 
2 $6.24 $3.58 $2.23 $12.06 $10.55   
3 $6.24 $3.58 $2.23 $12.06 $9.87   
4 $6.24 $3.58 $2.23 $12.06 $9.24   
5 $6.24 $3.58 $2.23 $12.06 $8.64   
6 $6.24 $3.58 $2.23 $12.06 $8.08   
7 $6.24 $3.58 $2.23 $12.06 $7.56   
8 $6.24 $3.58 $2.23 $12.06 $7.08   
9 $6.24 $3.58 $2.23 $12.06 $6.62   
10 $6.24 $3.58 $2.23 $12.06 $6.19   
Note: All the costs are in 2015 dollar.   
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Table 4.2.1.8: Parameters of Preprocessing Operation for Single-Feedstock Supply Chain System 
 
General Information a  Unit Value 
Biofuel Production Capacity  liter 189,270,589 
Conversion Rate liter/Mg 303.31 
Quantity of Biomass dry Mg 623,131 
Real Interest Rate % 0.0527 
Loan Duration years 10.00 
Loan Payment Schedule constant annual payments of 
principal and interest 
 
Estimated Useful Life of the 
Project 
years 50.00 
Freight Costs (% of Purchased 
Price) 
% 4.00 
Mechanical Installation (% of 
Purchased Price) 
% 32.00 
Electrical Installation (% of 
Purchased Price) 
% 20.00 
Contingency (% of Total Capital 
Investment) 
% 30.00 
Simultaneity Factor % 85.00 
Price of Electricity  0.06 
Price per therm for <250 therms  1.14 
Price per therm for >250 therms  1.03 
Euro: Dollar Exchange Ratio  1.40 
Number of Shifts   3 
Other Variable Costs (% of total 
Installed Cost of Equipment) 
% 0.50 
General Construction (building, 
office, site development) 
  
Utilization Period years 50 
Service and Maintenance % (of total investment) 1.00 
Primary Grinder (wood hog)   
Energy Requirements HP 950 
Utilization Period years 10.00 
Service and Maintenance % 18.00 
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Table 4.2.1.8 Continued     
General Information a  Unit Value 
Desired Moisture % 12.00 
Dryer Type type rotary drum dryer 
Energy Requirements HP 430 
Energy Required to Evaporate 
One kg of Water 
Btu 3,307 
Utilization Period years 15.00 
Service and Maintenance % 2.50 
Other Equipment   
Energy Requirements (total) HP 530 
Number of Wheel Loaders  3.00 
Fuel Consumption liter/h at full load 15.50 
Price of Diesel  $/liter 1.19 
Wheel Loader Utilization Period  10.00 
Utilization Period 
Conveying/Airvey/Pneumatic 
System 
% 10.00 
Service and Maintenance  0.02 
Storage   
Mill Residues Storage type warehouse 
Switchgrass Bales Storage type bale lot 
Utilization Period years 20.00 
Service and Maintenance   0.015 
Source: a Jackson (2015).  
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.1: Establishment, Maintenance, and Harvest Schedule in Multiple-Feedstock Supply Chain System 
 
Year Hybrid Poplar Hybrid Poplar Hybrid Poplar Switchgrass Biomass Sorghum 
 Field 1 Field 2 Field 3   
-2 Est a      
-1 Mai b  Est
a
  Est
a
  
0 Har c   Mai b  Est
a
 Har
c  + Mai b  Est
a
+ Har c  
1 Mai b  Har c   Mai b  Har c + Mai b   
2 Mai b  Mai b  Har c   Har c  + Mai b   
3 Har c   Mai b  Mai b  Har c  + Mai b   
4 Mai b  Har c   Mai b  Har c  + Mai b   
5 Mai b  Mai b  Har c   Har c  + Mai b   
6 Har c   Mai b  Mai b  Har c  + Mai b   
7 Mai b  Har c   Mai b  Har c  + Mai b   
8 Mai b  Mai b  Har c   Har c  + Mai b   
9 Har c   Mai b  Mai b  Har c  + Mai b   
10 Mai b  Har c   Mai b    
11 Mai b  Mai b  Har c     
12 Har c   Mai b  Mai b    
13  Har
c   Mai b    
14     Har c       
Est a  is Establishment; Mai b  is Maintenance; Har c  is Harvest 
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Table 4.2.2.2: Machinery Cost of Multiple-Feedstock Supply Chain System 
 
Cost of Item 
 
Forage 
Harvester 
Coppice 
Header 
Rotary 
Header 
No-row 
Sensitive Header 
Tip- 
Wagon 
Walking Floor 
Trailer + Semi-
Truck 
Tractor 215 
H.P 
Basic Parameters        
Purchase Price a  ($) 356,100 87,500 91,957 89,000 19,500 182,200 156,614 
Hours of Useful Life b  (hour) 4,000 4,000 4,000 4,000 2,000 22,000 12,000 
Hours of Use per Year b  (hour/year) 1,183 641 338 204 394 1,624 3,600 
Fuel Price ($/liter) 1.19 1.19 1.19 1.19 1.19 1.19 1.19 
Fuel Use (liter/hour) 35.61 0.00 0.00 0.00 83.61 83.61 35.61 
Lubrication Factor (%) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
Interest Rate (%) 5.27 5.27 5.27 5.27 5.27 5.27 5.27 
Housing % of PP c  (%) 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
Tax Rate % of PP c  (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Insurance % of PP c  (%) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 
Useful Years (year) 3.00 6.00 12.00 20.00 22.00 14.00 10.00 
Salvage Value ($) 89,025 21,875 22,989 22,250 8,401 45,781 76,591 
Operating Costs ($/hour) 99.24 12.35 12.98 12.56 5.56 147.98 64.44 
Diesel Fuel ($/hour) 42.58 0.00 0.00 0.00 0.00 99.98 42.58 
Lubrication Costs ($/hour) 6.39 0.00 0.00 0.00 0.00 15.00 6.39 
Repair & Maintenance ($/hour) 50.27 12.35 12.98 12.56 5.56 33.01 15.48 
Ownership Costs 84.62 24.21 32.63 41.66 8.58 12.56 9.44 
Capital Recovery ($/hour) 78.60 21.48 27.19 32.93 7.59 10.32 8.57 
TIH ($/hour)  6.02 2.73 5.44 8.73 0.99 2.24 0.87 
Total Machinery Cost ($/hour) 183.86 36.56 45.61 54.23 14.14 165.19 73.88 
Source: a  UT Extension (2009), Larson et al. (2010); b Smith et al. (2015); c Agricultural and Applied Economics Association standard (2010). 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.3: Establishment Budget of Switchgrass in the Multiple-Feedstock Supply Chain System 
 
Item Description Quantity Price Cost  
Material Cost ($/ha)    $565.14  
  Seeds  Seeds 6.72 kg/ha $48.50/kg $326.04  
  Herbicide    $79.04  
 Fall Burndown 2.34 liter/ha $3.72/liter $8.69  
 Spring Burndown 3.51 liter/ha $3.72/liter $13.04  
 Post-Emerge 2.34 liter/ha $5.83/liter $13.63  
 Post-Emerge 1.17 liter/ha $18.68/liter $21.83  
 Post-Emerge 1.17 liter/ha $18.68/liter $21.83  
  Fertilizer    $160.06  
 Phosphorous 60.50 kg/ha $0.88/kg $53.35  
 Potassium 121.00 kg/ha $0.88/kg $106.70  
Total Machinery Cost ($/ha)    $126.17  
  Operating Costs     $98.36  
  Ownership Costs     $27.79  
Labor Cost ($/ha)    $14.30  
Operating Interest Cost ($/ha)    $20.80  
Establishment Cost ($/ha)    $776.44  
Annualized Establishment 
Cost ($/dry Mg) 
   $6.76 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.4: Establishment Machinery Cost ($/ha) of Hybrid Poplar in the Multiple-Feedstock Supply Chain 
System 
 
Item Sprayer + 
Tractor 
Subsoiler 
+ Tractor 
Fertilizer Spreader 
+ Tractor 
Pick-up 
Truck + 
Tractor 
Total Cost 
Operating Costs  $11.66  $18.08  $33.91  $12.70  $76.32  
  Diesel Fuel  $2.47  $11.86  $14.18  $8.94  $37.42  
  Lubrication Cost  $2.15  $1.78  $2.12  $1.33  $7.39  
  Repair  $7.04  $4.45  $17.61  $2.42  $31.52  
Ownership Costs  $5.98  $2.84  $11.71  $6.55  $27.10  
  Capital Recovery      $5.11  $2.57  $10.37  $4.92  $22.95  
  TIH  $0.86  $0.27  $1.33  $1.65  $4.15  
Total Machinery 
Cost  $17.64  $20.92  $45.62  $19.24  $103.44  
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.5: Establishment Budget ($/ha) of Hybrid Poplar in the Multiple-Feedstock Supply Chain System 
 
Item Description Quantity Price Cost 
Material Cost      
  Seeds  3705 tree/ha $0.38/tree $1,407.90  
  Herbicide  Glyphosate-
based 
4.39 liter/ha $3.72/liter $16.30  
  Fertilizer      Phosphorous 17.01 kg/ha $0.88/kg $14.99  
 Potassium 74.23 kg/ha $0.88/kg $65.46  
Machinery Cost     $103.44  
  Operating Cost    $76.32  
   Ownership Cost    $27.10  
Labor Cost     $220.84  
Operating Interest     $49.55  
Total Establishment cost     $1,878.46  
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.6: Establishment Cost of Hybrid Poplar in Field 1 in the Multiple-Feedstock Supply Chain System 
 
Establishment 
Year 
Present Value 
Cost 
Annualized Cost Annualized 
Yield 
Annualized Cost 
 ($/ha) ($/ha) (dry Mg/ha) ($/dry Mg) 
Year (-2) $2,146.23  $234.01  11.98  $19.53 
Note: All the costs are in 2015 dollar.   
.   
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Table 4.2.2.7: Establishment Cost of Hybrid Poplar in Field 2 in the Multiple-Feedstock Supply Chain System 
 
Establishment Year Present Value 
Cost 
Annualized 
Cost 
Annualized Yield Annualized Cost 
 ($/ha) ($/ha) (dry Mg/ha) ($/dry Mg) 
Year (-1) $2,007.89  $218.92  10.65  $20.56 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.8: Establishment Cost of Hybrid Poplar in Field 3 in the Multiple-Feedstock Supply Chain System 
 
Establishment Year  Present Value 
Cost 
Annualized 
Cost 
Annualized Yield Annualized Cost 
 ($/ha) ($/ha) (dry Mg/ha) ($/dry Mg) 
Year 0 $1,878.46  $204.81  9.14  $22.42 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.9: Annualized Establishment Cost of Hybrid Poplar in the Multiple-Feedstock Supply Chain System 
 
  Field 1 Field 2 Field 3 
Hectare of Hybrid Poplar (ha) 10496.87 10496.87 10496.87 
Quantity of Hybrid Poplar (Mg) 311,563.99 311,563.99 311,563.99 
Annualized Cost ($/dry Mg) $19.53 $20.56 $22.42 
Annualized Establishment Cost ($/dry 
Mg) 
$20.84 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.10: Establishment Budget of Biomass Sorghum in the Multiple-Feedstock Supply Chain System 
 
Item Description Quantity Price Cost 
Material Cost ($/ha )     
    Seeds  7.00 kg/ha $7.72/kg $54.04  
    Weed Control Glyphosate-based 
(+s-metolachlor) 
1.66 liter/ha $3.72/liter $26.08  
    Fertilizer     
 Phosphorous 72.83 kg/ha $0.88/kg $64.22  
 Potassium 134.45 kg/ha $0.88/kg $118.56  
Machinery Cost ($/ha)    $82.65  
    Operating Costs     $62.66  
    Ownership Costs     $19.98  
Labor Cost ($/ha)    $8.45  
Operating Interest ($/ha)    $10.20  
Establishment Cost ($/ha)    $364.18  
Annualized Cost ($/dry Mg)    $20.65 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.11: Maintenance Budget of Switchgrass in the Multiple-Feedstock Supply Chain System 
 
Item Description Quantity Price Cost 
Total Materials Cost ($/ha)    $122.22  
Fertilizer Nitrogen 67.22 kg/ha $1.17/kg $78.55  
Weed Control     
   Post-Emerge Broadleaf herbicide 1.17 liter/ha $18.68/liter $21.83  
   Post-Emerge Grass herbicide 1.17 liter/ha $18.68/liter $21.83  
With Weed Control     
Total Machinery Cost ($/ha)    $33.00  
    Operating Costs     $25.07  
    Ownership Costs     $7.93  
Labor Cost ($/ha)    $3.29  
Operating Interest Cost ($/ha)     $4.62  
Total Annual Cost of Maintenance ($/ha)    $163.12  
Without Weed Control      
Total Machinery Cost ($/ha)    $22.80  
    Operating Costs ($/ha)    $16.94  
    Ownership Costs ($/ha)    $5.85  
Labor Cost ($/ha)    $3.29  
Operating Interest ($/ha)     $2.99  
Total Annual Cost of Maintenance ($/ha)    $107.64  
Annualized Maintenance Cost ($/dry Mg)    $7.55 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.12: Annualized Maintenance Cost of Switchgrass in the Multiple-Feedstock Supply Chain System 
 
Year PV Cost Annualized 
Cost 
Yield PV Yield Annualized Yield Annualized Cost 
(Year) ($/ha) ($/ha) (dry Mg/ha) (dry Mg/ha) (dry Mg/ha) ($/dry Mg) 
0 $163.12  $122.91  $3.36  $3.36  16.28 $7.55 
1 $100.70   $8.05  $7.53    
2 $94.21   $18.55  $16.23    
3 $88.13   $18.55  $15.19    
4 $82.45   $18.55  $14.20    
5 $77.14   $18.55  $13.29    
6 $72.17   $18.55  $12.42    
7 $67.51   $18.55  $11.63    
8 $63.16   $18.55  $10.87    
9 $59.08   $18.55  $10.18    
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.13: Maintenance Budget ($/ha) of Hybrid Poplar in Field 1 in the Multiple-Feedstock Supply Chain System 
 
Year Total Material 
Cost 
Fertilizer Chemical Total 
Machinery Cost 
Operating 
Cost 
Ownership 
Cost 
Labor 
Cost 
Operating 
Interest 
-1 279.14 270.98 8.15 27.91 21.02 6.89 2.62 9.41 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
2 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
5 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
7 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
8 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
11 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.14: Maintenance Budget ($/ha) of Hybrid Poplar in Field 2 in the Multiple-Feedstock Supply Chain System 
 
Year Total 
Material Cost 
Fertilizer Chemical Total Machinery 
Cost 
Operating 
Cost 
Ownership 
Cost 
Labor 
Cost 
Operating 
Interest 
0 279.13 270.98 8.15 27.91 21.02 6.89 2.62 9.41 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
3 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
6 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
8 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
9 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
12 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.15: Maintenance Budget ($/ha) of Hybrid Poplar in Field 3 in the Multiple-Feedstock Supply Chain System 
 
Year Total 
Material Cost 
Fertilizer Chemical Total Machinery 
Cost 
Operating 
Cost 
Ownership 
Cost 
Labor 
Cost 
Operating 
Interest 
1 279.13 270.98 8.15 27.91 21.02 6.89 2.62 9.41 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
4 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
7 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
9 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
10 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
12 367.73 351.43 16.30 73.51 54.91 18.60 6.47 13.24 
13 8.15 0.00 8.15 5.09 4.05 1.04 0.67 0.37 
14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.16: Annualized Maintenance Cost of Hybrid Poplar in the Multiple-Feedstock Supply Chain System 
 
  Field 1 Field 2 Field 3 
Hectare of Hybrid Poplar (ha) 10496.87 10496.87 10496.87 
Quantity of Hybrid Poplar (Mg) 311,563.99 311,563.99 311,563.99 
Annualized Cost ($/dry Mg) $15.38 $16.19 $17.65 
Annualized Maintenance Cost 
($/dry Mg) 
$16.40 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.17: Maintenance Budget of Biomass Sorghum in the Multiple-Feedstock Supply Chain System 
 
Item Description Quantity Price Cost 
Material Cost ($/ha)    $194.83  
    Fertilizer Nitrogen 134.45 kg/ha $1.17/kg $157.09  
    Weed Control Atrazine  2.24 kg a.i./ha $4.21/liter $37.74  
Total Machinery Cost ($/ha)      $27.91  
    Operating Costs     $21.02  
    Ownership Costs     $6.89  
Labor Cost ($/ha)    $2.62  
Operating Interest ($/ha)    $6.77  
Maintenance Cost ($/ha)    $232.11  
Annualized Cost ($/dry Mg)    $13.16 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.18: Harvest Hours and Days for Switchgrass 
 
Item November December January February 
Day 13.3 a  11.9 a  15.4 a  14.7 a  
Daily Hour 6.1 b  5.8 b  6.0 b  6.5 b  
Total Hour 81.4 69.5 92.2 95.3 
Source: a National Weather Service Forecast Office (2015); bClimate and Temperature (2015). 
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Table 4.2.2.19: Harvest Hours and Days for Hybrid Poplar 
 
Unit March April May June July August September October 
Day 11.2 a  11.9 a  13.3 a  14.0 a  12.6 a  15.4 a  16.1 a  12.6 a  
Day/Hour 7.1 b  7.9 b  8.4 b  8.7 b  8.6 b  8.1 b  7.4 b  6.7 b  
Hour 80.0 93.4 112.3 122.4 108.5 124.7 119.5 84.4 
Source: a National Weather Service Forecast Office (2015); bClimate and Temperature (2015). 
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Table 4.2.2.20: Harvest Hours and Days for Biomass Sorghum 
 
Item September October 
Day 16.1 a  12.6 a  
Daily Hour 7.4 b  6.7 b  
Total Hour 119.5 84.4 
Source: a National Weather Service Forecast Office (2015); bClimate and Temperature (2015). 
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Table 4.2.2.21: Harvest Budget of Switchgrass in the Multiple-Feedstock Supply Chain System 
 
Operation Cost   Amount 
Total Machinery Cost ($/ha)  $101.89  
  Operating Costs ($/ha )  $50.68  
    Diesel Fuel ($/ha)  $23.09  
    Lubrication Costs ($/ha)  $3.46  
    Repair ($/ha)  $24.13  
  Ownership Costs ($/ha)  $51.20  
    Capital Recovery ($/ha)  $44.66  
    TIH ($/ha)  $6.55  
Labor Cost ($/ha)  $0.91  
Operating Interest ($/ha)  $1.58  
Total Harvest Cost ($/ha)  $104.41  
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.22: Annualized Harvest Cost of Switchgrass in the Multiple-Feedstock Supply Chain System 
 
Year Present 
Value 
Annualize 
Cost 
Yield PV yield Annualized 
Yield 
Annualized 
Cost 
(Year) ($/ha) ($/ha) (dry Mg/ha) (dry Mg/ha) (dry Mg/ha) ($/dry Mg) 
0 $104.41  $111.59  3.36  3.36 16.28   $6.86 
1 $97.66   8.05  7.53   
2 $91.37   18.55  16.23   
3 $85.49   18.55  15.19   
4 $79.98   18.55  14.20   
5 $74.82   18.55  13.29   
6 $70.00   18.55  12.42   
7 $65.48   18.55  11.63   
8 $61.26   18.55  10.87   
9 $57.30   18.55  10.18   
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.23: Harvest Budget ($/ha) of Hybrid Poplar in Field 1 in the Multiple-Feedstock Supply Chain System 
 
Year Machinery 
Cost 
Operating Cost Ownership Cost Labor Cost Operating 
interest 
0 $573.68  $292.57  $281.11  $43.08  $9.16  
1 $0.00  $0.00  $0.00  $0.00  $0.00  
2 $0.00  $0.00  $0.00  $0.00  $0.00  
3 $573.68  $292.57  $281.11  $43.08  $9.16  
4 $0.00  $0.00  $0.00  $0.00  $0.00  
5 $0.00  $0.00  $0.00  $0.00  $0.00  
6 $573.68  $292.57  $281.11  $43.08  $9.16  
7 $0.00  $0.00  $0.00  $0.00  $0.00  
8 $0.00  $0.00  $0.00  $0.00  $0.00  
9 $573.68  $292.57  $281.11  $43.08  $9.16  
10 $0.00  $0.00  $0.00  $0.00  $0.00  
11 $0.00  $0.00  $0.00  $0.00  $0.00  
12 $573.68  $292.57  $281.11  $43.08  $9.16  
Note: All the costs are in 2015 dollar.  
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Table 4.2.2.24: Harvest Budget ($/ha) of Hybrid Poplar in Field 2 in the Multiple-Feedstock Supply Chain System 
 
Year Total 
Machinery Cost 
Operating 
Cost 
Ownership 
Cost 
Labor Cost Operating 
Interest 
1 $573.68  $292.57  $281.11  $43.08  $9.16  
2 $0.00  $0.00  $0.00  $0.00  $0.00  
3 $0.00  $0.00  $0.00  $0.00  $0.00  
4 $573.68  $292.57  $281.11  $43.08  $9.16  
5 $0.00  $0.00  $0.00  $0.00  $0.00  
6 $0.00  $0.00  $0.00  $0.00  $0.00  
7 $573.68  $292.57  $281.11  $43.08  $9.16  
8 $0.00  $0.00  $0.00  $0.00  $0.00  
9 $0.00  $0.00  $0.00  $0.00  $0.00  
10 $573.68  $292.57  $281.11  $43.08  $9.16  
11 $0.00  $0.00  $0.00  $0.00  $0.00  
12 $0.00  $0.00  $0.00  $0.00  $0.00  
13 $573.68  $292.57  $281.11  $43.08  $9.16  
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.25: Harvest Budget ($/ha) of Hybrid Poplar in Field 3 in the Multiple-Feedstock Supply Chain System 
 
Year Total machinery 
Cost 
Operating 
Cost 
Ownership 
Cost 
Labor Cost Operating 
Interest 
2 $573.68  $292.57  $281.11  $43.08  $9.16  
3 $0.00  $0.00  $0.00  $0.00  $0.00  
4 $0.00  $0.00  $0.00  $0.00  $0.00  
5 $573.68  $292.57  $281.11  $43.08  $9.16  
6 $0.00  $0.00  $0.00  $0.00  $0.00  
7 $0.00  $0.00  $0.00  $0.00  $0.00  
8 $573.68  $292.57  $281.11  $43.08  $9.16  
9 $0.00  $0.00  $0.00  $0.00  $0.00  
10 $0.00  $0.00  $0.00  $0.00  $0.00  
11 $573.68  $292.57  $281.11  $43.08  $9.16  
12 $0.00  $0.00  $0.00  $0.00  $0.00  
13 $0.00  $0.00  $0.00  $0.00  $0.00  
14 $573.68  $292.57  $281.11  $43.08  $9.16  
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.26: Annualized Harvest Cost of Hybrid Poplar in the Multiple-Feedstock Supply Chain System 
 
  Field 1 Field 2 Field 3 
Hectare of Hybrid Poplar (ha) 10496.87 10496.87 10496.87 
Quantity of Hybrid Poplar (Mg) 311,563.99 311,563.99 311,563.99 
Annualized Cost ($/dry Mg) $19.87 $20.92 $26.41 
Annualized Harvest Cost ($/dry Mg)  $22.40  
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.27: Harvest Machinery Cost ($/dry Mg) of Biomass Sorghum in the Multiple-Feedstock Supply Chain 
System 
 
Item Non-Row Sensitive 
Header + Forage 
Harvester 
Tip-Wagon + 
Tractor 
Total Cost 
Operating Cost  $2.80 $1.16 $3.96 
    Diesel Fuel  $1.06 $0.74 $1.81 
    Lubrication Cost  $0.16 $0.11 $0.27 
    Repair  $1.57 $0.31 $1.88 
Capital Recovery  $2.79 $0.85 $3.64 
    TIH  $0.37 $0.23 $0.60 
    Ownership Cost  $3.16 $1.08 $4.23 
Total Machinery Cost  $5.95 $2.24 $8.19 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.28: Harvest Budget ($/dry Mg) of Biomass Sorghum in the Multiple-Feedstock Supply Chain System 
 
Item Amount 
Total Machinery Cost  $8.19 
    Operating Costs  $3.96 
    Ownership Costs  $4.23 
Labor Cost  $1.26 
Operating Interest  $0.12 
Annualized Maintenance Cost  $9.57 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.29: Annualized Transportation Cost ($/dry Mg) of Switchgrass in the Multiple-Feedstock Supply Chain System 
 
Year Total Machinery cost Labor Cost Operating Interest Total Cost Present Value 
Cost 
Annualized 
Transportation Cost 
0 $13.28 $2.23 $0.37 $15.88 $15.88 $16.97 
1 $13.28 $2.23 $0.37 $15.88 $14.86  
2 $13.28 $2.23 $0.37 $15.88 $13.90  
3 $13.28 $2.23 $0.37 $15.88 $13.00  
4 $13.28 $2.23 $0.37 $15.88 $12.16  
5 $13.28 $2.23 $0.37 $15.88 $11.38  
6 $13.28 $2.23 $0.37 $15.88 $10.65  
7 $13.28 $2.23 $0.37 $15.88 $9.96  
8 $13.28 $2.23 $0.37 $15.88 $9.32  
9 $13.28 $2.23 $0.37 $15.88 $8.72  
Note: All the costs are in 2015 dollar.   
 129 
 
Table 4.2.2.30: Transportation Budget ($/dry Mg) of Hybrid Poplar in Field 1 in the Multiple-Feedstock Supply 
Chain System 
 
Year Total Machinery 
Cost 
Labor Cost Operating Interest Total Cost Present 
Value Cost 
0 8.80 1.63 0.25 10.67 10.67 
1 0.00 0.00 0.00 0.00 0.00 
2 0.00 0.00 0.00 0.00 0.00 
3 8.80 1.63 0.25 10.67 8.74 
4 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 
6 8.80 1.63 0.25 10.67 7.16 
7 0.00 0.00 0.00 0.00 0.00 
8 0.00 0.00 0.00 0.00 0.00 
9 8.80 1.63 0.25 10.67 5.86 
10 0.00 0.00 0.00 0.00 0.00 
11 0.00 0.00 0.00 0.00 0.00 
12 8.80 1.63 0.25 10.67 4.80 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.31: Transportation Budget ($/dry Mg) of Hybrid Poplar in Field 2 in the Multiple-Feedstock Supply 
Chain System 
 
Year Total Machinery 
Cost 
Labor Cost Operating 
Interest 
Total Cost Present Value 
Cost 
1 8.80 1.63 0.25 10.67 9.99 
2 0.00 0.00 0.00 0.00 0.00 
3 0.00 0.00 0.00 0.00 0.00 
4 8.80 1.63 0.25 10.67 8.18 
5 0.00 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 
7 8.80 1.63 0.25 10.67 6.70 
8 0.00 0.00 0.00 0.00 0.00 
9 0.00 0.00 0.00 0.00 0.00 
10 8.80 1.63 0.25 10.67 5.48 
11 0.00 0.00 0.00 0.00 0.00 
12 0.00 0.00 0.00 0.00 0.00 
13 8.80 1.63 0.25 10.67 4.49 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.32: Transportation Budget ($/dry Mg) of Hybrid Poplar in Field 3 in the Multiple-Feedstock Supply 
Chain System 
 
Year Total machinery 
cost 
Labor Cost Operating 
Interest 
Total Cost Present 
Value Cost 
2 8.80 1.32 0.25 10.36 9.34 
3 0.00 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 0.00 
5 8.80 1.63 0.25 10.67 7.65 
6 0.00 0.00 0.00 0.00 0.00 
7 0.00 0.00 0.00 0.00 0.00 
8 8.80 1.63 0.25 10.67 6.26 
9 0.00 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.00 0.00 0.00 
11 8.80 1.63 0.25 10.67 5.13 
12 0.00 0.00 0.00 0.00 0.00 
13 0.00 0.00 0.00 0.00 0.00 
14 8.80 1.63 0.25 10.67 4.20 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.33: Annualized Transportation Cost of Hybrid Poplar in the Multiple-Feedstock Supply Chain System 
 
 Field 1 Field 2 Field 3 
Hectare of Hybrid Poplar (ha) 10496.87 10496.87 10496.87 
Quantity of Hybrid Poplar (Mg) 311,563.99 311,563.99 311,563.99 
Annualized Cost ($/dry Mg) $4.06 $3.80 $3.55 
Annualized Transportation Cost 
($/dry Mg) 
 $3.80  
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.34: Transportation Machinery Cost ($/dry Mg) of Biomass Sorghum in the Multiple-Feedstock Supply 
Chain System 
 
Item Walking Floor Trailer + 
Semi-Truck 
Tip Wagon + Tractor Total 
Operating Costs  $7.07 $0.58 $7.64 
    Diesel Fuel  $4.78 $0.37 $5.14 
    Lubrication Costs  $0.72 $0.06 $0.77 
    Repair  $1.58 $0.15 $1.73 
Ownership Costs  $0.60 $0.53 $1.13 
    Capital Recovery  $0.49 $0.42 $0.91 
    TIH  $0.11 $0.11 $0.22 
Total Machinery Cost  $7.67 $1.11 $8.78 
Note: All the costs are in 2015 dollar.   
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Table 4.2.2.35: Transportation Budget ($/dry Mg) of Biomass Sorghum in the Multiple-Feedstock Supply Chain 
System 
 
Item Amount 
Total Machinery Cost  $8.78 
    Operating Cost  $7.64 
    Ownership Cost  $1.13 
Labor Cost  $1.52 
Operating Interest  $0.24 
Annualized Cost $10.54 
Note: All the costs are in 2015 dollar.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 135 
 
Table 4.2.2.36: Parameters of Preprocessing Operation in the Multiple-Feedstock Supply Chain System 
 
Basic Case Model Parameters a  Description Value  
General Information      
Biofuel Production Capacity    liter 189,270,589 
Economy of Scale 
Factor 
     0.6 
Real Interest  
     
0.053 
Loan Duration years 10 
Estimated Useful Life of the 
Project 
  years 50 
Freight Costs (% of purchased price) % 4.00 
Other Investment Cost (% of total capital cost) % 10.00 
Mechanical Installation (% of purchased price) % 32.00 
Electrical Installation (% of purchased price) % 20.00 
Contingency (% of total capital investment) % 30.00 
Simultaneity Factor    % 85.00 
Price of Electricity     0.05 
Price per therm for <250 therms 
   
1.14 
Price per therm for >250 therms 
   
1.03 
Euro: Dollar Exchange Ratio  1.40 
Number of Shifts         3 
Other Variable Costs (% of total installed cost of equipment) % 0.50 
General Construction (building, office, site development)   
Utilization Period    years 50 
Service and Maintenance       % (of total 
investment) 
1.00 
Primary Grinder (wood hog)     
Energy Requirements    HP 950 
Utilization Period    years 10 
Service and Maintenance       % 0.18 
Drying        
Desired Pellet Moisture    % 0.12 
Energy Requirements    HP 430 
Energy Required to Evaporate One lb of 
Water 
 Btu 1,500 
Utilization Period    years 15 
Service and Maintenance       % 2.50 
Grinding       
Hammermill's Energy 
Requirement 
  HP 610 
Utilization Period    year 10 
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Table 4.2.2.36 Continued 
 
Basic Case Model Parameter a     Description Cost  
Service and Maintenance    % 0.18 
Cooling/Screening      
Utilization Period - Screener for 
Drying 
    year 10 
Other Equipment      
Energy Requirements (total)    HP 530 
Number of Wheel Loaders     3 
Annual Use (Wheel Loader) at 
Full Load  
  hours 
4,830 
Fuel Consumption    liter/h  15.52 
Price of Diesel      $/liter 1.19 
Wheel Loader Utilization Period   
 
10 
Utilization Period Conveying/Airvey/ 
Pneumatic System 
 
10 
Service and Maintenance       % 2.00 
Moisture Content           
Desired Moisture Content 
   
% 12.00 
Switchgrass Chips 
   
% 14.00 
Biomass Sorghum Chips 
   
% 6.00 
Hybrid Poplar Chips 
   
% 50.00 
Switchgrass Rectangular Bale       % 18.00 
Source: a Jackson (2015).  
Note: All the costs are in 2015 dollar. 
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Table 4.3.1.1: One-Way Sensitivity Analysis of Single-Feedstock Supply Chain System 
Source: a  Perlack et al. (2011); b  Federal Reserve Bank of St. Louis (2016); S&P Dow Jones Indices (2016); c  
U.S. Energy Information Administration (2015); U.S. Department of Agriculture 2016; d  Jackson (2015); e Larson 
et al. (2010); f  Mani et al. (2006); g  Federal Reserve Bank of Kansas City (2010); k Wright et al. (2010) ; h
Larson et al. (2015); j Mooney et al. (2012). 
Note: All the data are in 2015 dollar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Unit Base Value Upper Bound Lower Bound 
Biomass Yield     
  Switchgrass  dry Mg/ha 18.55 a  19.74 a  15.54 a  
Discount Rate % 6.89 b  34.49 b  2.92 b  
Diesel Fuel Price  $/liter 1.19 c  1.72 c  0.62 c  
Throughput (baler)     
  Switchgrass dry Mg/hour 30.75 d  30.75 d  12.00 e  
Economy of scale Factor  0.60 f  0.80 f  0.40 f  
Biofuel Production 
Capacity 
million liter 189.00 283.50 75.60 
Real Interest Rate % 5.27 g  8.30 g  3.50 g  
Storage Dry Matter Losses % 8.94 h  12.37 j  0.00 
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Table 4.3.1.2:Discount Rate Related Data 
 
Year S&P 500 a  10-year T. Bound b  Risk Premium Risk free rate Discount rate 
2006 15.79% 1.96% 13.83% 4.70% 18.53% 
2007 5.49% 10.21% -4.72% 4.02% -0.70% 
2008 -37% 20.10% -57.10% 2.21% -54.89% 
2009 26.46% -11.12% 37.58% 3.84% 41.42% 
2010 15.06% 8.46% 6.60% 3.29% 9.89% 
2011 2.11% 16.04% -13.93% 1.88% -12.05% 
2012 16% 2.97% 13.03% 1.76% 14.79% 
2013 32.29% -9.10% 41.39% 3.04% 44.43% 
2014 13.69% 10.75% 2.94% 2.17% 5.11% 
2015 1.38% 1.28% 0.10% 2.27% 2.37% 
Average   3.97% 2.92% 6.89% 
Upper 
Bound 
  31.58% 2.92% 34.49% 
Lower 
Bound 
  0.00% 2.92% 2.92% 
Source: 
a
S&P Dow Jones Indices (2016); 
b
Federal Reserve Bank of St. Louis (2016).  
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Table 4.3.1.3: Statistic Data of Risk Premium 
 
Risk Premium 
Mean 0.04 
Standard Error 0.09 
Median 0.05 
Standard Deviation 0.28 
Sample Variance 0.08 
Kurtosis 2.15 
Skewness -0.94 
Range 0.98 
Minimum -0.57 
Maximum 0.41 
Sum 0.40 
Count 10.00 
Confidence Level (95.0%) 0.20 
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Table 4.3.1.4: Diesel Fuel Price in the Last Ten Years ($/liter) 
 
Year Diesel Fuel Price Adjusted Diesel Fuel Price 
2006 $0.70  $0.75  
2007 $0.76  $0.87  
2008 $0.99  $1.54  
2009 $0.64  $0.62  
2010 $0.78  $0.97  
2011 $1.01  $1.64  
2012 $1.03  $1.72  
2013 $1.03  $1.63  
2014 $1.01  $1.51  
2015 $0.70  $0.70  
Note: The diesel fuel price is adjusted with the farm paid fuel index to the price in 2015 dollar. 
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 Table 4.3.2.1: One-Way Sensitivity Analysis of Multiple-Feedstock Supply Chain System  
 
Variable Unit Base Value Upper Bound Lower Bound 
Biomass Yield     
  Switchgrass dry Mg/ha 18.55 a  19.74 a  15.54 a  
  Hybrid Poplar dry Mg/ha/3 year 34.65 a  41.99 b  28.36 a  
  Biomass Sorghum dry Mg/ha 17.64 a  21.00 a  14.82 a  
Discount Rate % 6.89 c  34.49 c  2.92 c  
Diesel Fuel Price $/liter 1.19 d  1.72 d  0.62 d  
Throughput of Forage  
Harvester 
 
   
  Switchgrass dry Mg/hour 50.00 b  74.00 e  20.00 f  
  Hybrid Poplar dry Mg/hour 16.00 b  35.00 h  4.50 h  
  Biomass Sorghum  dry Mg/hour 40.00 b  44.10 g  20.00 f  
Economy of scale 
Factor 
 0.60 i  0.80 i  0.40 i  
Biofuel Production 
Capacity 
million liter 189.00 283.50 75.60 
Real Interest Rate % 5.27 j  8.30 j  3.50 j  
Conversion Rate of 
Hybrid Poplar (25%) 
liter/dry Mg 303.31 303.31 227.48 
Source: a  Perlack et al. (2011); b  Jackson (2015); c  Federal Reserve Bank of St. Louis (2016); S&P Dow Jones 
Indices (2016); d  U.S. Energy Information Administration (2015); U.S. Department of Agriculture 2016; e  
Buckmaster (2006); f Larson et al. (2010); g  Buckmaster and Hilton (2005); h  Spinelli, Nati, and Magagnotti 
(2009); i  Mani et al. (2006); j Federal Reserve Bank of Kansas City (2010). 
Note: All the data is in 2015 dollar. 
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Table 5.1.1.1: Annualized Single-Feedstock Supply Chain Cost ($/dry Mg) 
 
Component Cost Percentage 
Opportunity Cost $3.69 4.06% 
Establishment $7.22 7.94% 
Maintenance $8.72 9.59% 
Harvest $33.48 36.79% 
Storage $11.42 12.55% 
Transportation $12.06 13.25% 
Drying + Handling $11.61 12.76% 
Size reduction $2.79 3.06% 
Supply Chain Cost $90.99 100.00% 
Supply Chain Cost ($/liter) $0.30 100.00% 
Note: All the costs are in 2015 dollar.   
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Table 5.1.2.1: Annualized Supply Chain Cost ($/dry Mg) of Switchgrass, Hybrid Poplar, and Biomass Sorghum in 
the Multiple-Feedstock Supply Chain System 
 
Component Switchgrass Hybrid Poplar Biomass Sorghum 
Opportunity Cost  $3.69 $5.72 $9.40 
Establishment  $6.76 $20.84 $20.65 
Maintenance  $7.55 $16.40 $13.16 
Harvest  $6.86 $22.40 $9.57 
Transportation $16.97 $3.80 $10.54 
Drying and handling $8.70 $30.28 $39.15 
Quantity of Biomass (Mg) 207,707 311,564 103,855 
Total Supply Chain Cost  $50.53 $99.45 $102.48  
Note: All the costs are in 2015 dollar. 
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Table 5.1.2.2: Annualized Weighted Average Multiple-Feedstock Supply Chain Cost ($/dry Mg) 
  
Operation Cost Percentage 
Opportunity $5.66 6.77% 
Establishment $16.11 19.26% 
Maintenance  $12.91 15.44% 
Harvest  $15.08 18.03% 
Storage   $0.00 0.00% 
Transportation  $9.32 11.14% 
Drying and Handling  $24.57 29.37% 
Size Reduction  $0.00 0.00% 
Total Supply Chain Cost ($/dry Mg)  $83.65 100.00% 
Total Supply Chain Cost ($/liter) $0.28  
Note: All the costs are in 2015 dollar.   
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Table 5.2.1: One-Way Sensitivity Analysis Output of Single-Feedstock Supply Chain System ($/dry Mg) 
Note: All the costs are in 2015 dollar.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Baseline cost Upper bound cost Lower bound cost 
Biomass Yield      Switchgrass  90.99 89.28 96.35 
Discount Rate 90.99 114.99 88.49 
Diesel Fuel Price  90.99 100.30 80.79 
Throughput (baler) 90.99 90.99 99.88 
Economy of Scale Factor 90.99 95.81 87.89 
Biofuel Production Capacity 90.99 91.64 94.85 
Real Interest Rate 90.99 95.40 88.55 
Storage Dry Matter Losses 90.99 93.37 85.55 
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Table 5.2.2: One-Way Sensitivity Analysis Output of Multiple-Feedstock Supply Chain System ($/dry Mg) 
 
Variable Baseline Cost Upper Bound Cost Lower Bound Cost 
Biomass Yield      Switchgrass 83.65 83.28 84.81 
  Hybrid Poplar 83.65 79.89 88.43 
  Biomass Sorghum 83.65 82.50 85.02 
Discount Rate 83.65 154.16 76.88 
Diesel Fuel Price 83.65 88.68 78.14 
Forage Harvester Throughput  83.65 76.68 117.29 
Economy Scale Factor 83.65 86.60 81.75 
Biofuel Production Capacity  83.65 85.73 84.85 
Real Interest Rate 83.65 86.06 82.34 
HP a  conversion rate (25% decrease) 83.65 83.65 85.17 
Note: HP
a
 is hybrid poplar; all the costs are in 2015 dollar.   
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Table 5.2.3: Comparison of Supply Chain Cost in Single- and Multiple-Feedstock System 
 
Variable Baseline Cost Upper Bound Cost Lower Bound Cost 
Biomass Yield      Switchgrass multi multi multi 
  Hybrid Poplar multi multi multi 
  Biomass Sorghum multi multi multi 
Discount Rate multi single multi 
Diesel Fuel Price multi multi multi 
Machinery Throughput  multi multi single 
Economy of Scale Factor multi multi multi 
Biofuel Production Capacity  multi multi multi 
Real Interest Rate multi multi multi 
HP a  Conversion Rate (25% decrease) multi multi multi 
Storage Dry Matter Losses multi multi multi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: “Single” means single-feedstock system shows cost advantage; “multi” means multiple-feedstock supply chain 
system shows cost advantage; HP is hybrid poplar 
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                        Figure 3.2.1: Conceptual Framework of the Single-Feedstock Supply Chain System 
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                            Figure 3.3.1: Conceptual Framework of the Multiple-Feedstock Supply Chain System 
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                                                              Figure 5.1.3.1: Supply Chain Cost ($/dry Mg) in Single- and Multiple-Feedstock System 
 
 
$0# $5# $10# $15# $20# $25# $30# $35#
Opportunity#Cost
Establishment
Maintenance
Harvest
Storage
Transportation
Drying+Handling
Size#reduction
MultiEsystem SingleEsystem
 151 
 
 
              Figure 5.1.3.2: Cost Different ($/dry Mg) between Single- and Multiple-Feedstock Supply Chain System                                                               
(single system – multiple system cost) 
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                                                                    Figure 5.2.1: Tornado Diagram for Single-Feedstock Supply Chain System 
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                                     Note: HP is hybrid poplar; BS is biomass sorghum; SG is switchgrass; Chopper throughput is the throughput of forage harvester 
 
                                                                    Figure 5.2.2: Tornado Diagram for Multiple-Feedstock Supply Chain System 
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                                             Figure 6.1: Supply Chain Cost ($/dry Mg) of Single- (a) and Multiple- (b) Feedstock Supply Chain System
 155 
 
VITA 
Huaqi Zhang was born in Anhui, China. She is a graduate assistant at the Department of 
Agricultural and Resource Economics at the University of Tennessee, Knoxville. Huaqi Zhang 
obtained her Bachelor of Science degree in Finance in 2013 at the Anhui University. She came to 
UT in 2014 and obtained her Master of Science degree in Agricultural Economics in December 
2016.  
